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Abstract 

Introduction Absolute quantification of individual metabolites in complex biological samples is crucial 

in targeted metabolomic profiling. 

Objectives An inter-laboratory test was performed to evaluate the impact of the NMR software, peak-

area determination method (integration vs. deconvolution) and operator on quantification trueness 

and precision. 

Methods A synthetic urine containing 32 compounds was prepared. One site prepared the urine and 

calibration samples, and performed NMR acquisition. NMR spectra were acquired with two pulse 

sequences including water suppression used in routine analyses. The pre-processed spectra were sent 

to the other sites where each operator quantified the metabolites using internal referencing or 

external calibration, and his/her favourite in-house, open-access or commercial NMR tool. 

https://doi.org/10.1007/s11306-023-02028-4
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Results For 1D NMR measurements with solvent presaturation during the recovery delay (zgpr), 20 

metabolites were successfully quantified by all processing strategies. Some metabolites could not be 

quantified by some methods. For internal referencing with TSP, only one half of the metabolites were 

quantified with a trueness below 5%. With peak integration and external calibration, about 90% of the 

metabolites were quantified with a trueness below 5%. The NMRProcFlow integration module allowed 

the quantification of several additional metabolites. The number of quantified metabolites and 

quantification trueness improved for some metabolites with deconvolution tools. Trueness and 

precision were not significantly different between zgpr- and NOESYpr-based spectra for about 70% of 

the variables.  

Conclusion External calibration performed better than TSP internal referencing. Inter-laboratory tests 

are useful when choosing to better rationalize the choice of quantification tools for NMR-based 

metabolomic profiling and confirm the value of spectra deconvolution tools. 

 

Keywords Metabolomic profiling; Peak integration; Deconvolution; Quantitative NMR, Synthetic 

urine. 
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1 Introduction 

The use of nuclear magnetic resonance spectroscopy (NMR) in metabolomics is increasing for large-

scale biochemical phenotyping (Beckonert et al. 2007; Dona et al. 2014; Vignoli et al. 2019), especially 

for clinical and personalized medicine purposes (Letertre et al. 2021). NMR-based metabolomics 

provides reproducible robust fingerprinting with relative quantification of biological samples. 

However, the absolute quantification of individual metabolites in complex biological samples such as 

extracts and biofluids remains crucial in quantitative metabolomics with targeted metabolic profiling, 

especially for biomedical applications (Crook and Powers 2020; Wishart 2008; Wishart et al. 2022). 

Several strategies exist for quantitative metabolomics based on 1D or 2D NMR, in terms of sample 

preparation, data acquisition and data processing methods. For biofluid spectra acquisition, the NOESY 

(Nuclear Overhauser Effect SpectroscopY) pulse sequence with presaturation of the water signal 

(NOESYpr) is generally advised (Emwas et al. 2016). However, the simple presaturation-90° pulse-

acquisition sequence (“zgpr” for Bruker and “proton with presaturation” for JEOL) is also largely used 

for relative (e.g. (Snytnikova et al. 2019; Standage et al. 2021)) and absolute quantification (e.g. 

(Camacho-Barcia et al. 2021; Melis et al. 2019; Monakhova et al. 2011)) owing to its accuracy, 

robustness and simplicity. The zgpr pulse sequence also allows an easier optimization of the power 

used to presaturate the water signal. Both zgpr and NOESYpr pulse sequences belong to the same class 

of solvent presaturation methods. They are the most widely used in quantitative NMR metabolomics 

and are among the most robust and accurate methods. Popular selective refocusing methods such as 

excitation-sculpting are not recommended in metabolomic studies, since they are less robust and 

induce a distortion of peak areas based on J-modulation (Giraudeau et al. 2015). 

Spectra pre-processing steps that lead to Fourier-transformed, phased and baseline-corrected 

spectra usable for quantitative analysis can be performed with equipment-related software, 

commercial processing software or with open tools. For spectra processing steps that aim at extracting 

peak areas and calculating absolute concentrations, various approaches have been described. 

Although peak integration after peak picking is largely used, tools performing peak fitting with 

reference compound spectra acquired with the same standard operating procedure or spectral 

decomposition (often named ‘deconvolution’) are also available to deal with possible resonance 

overlapping. For instance, Chenomx NMR Analysis software (Chenomx, Edmonton, Canada) performs 

peak fitting, while Mnova (Mestrelab Research, Santiago de Compostela, Spain) and the 

MetaboDecon1D open package (Häckl et al. 2021) perform deconvolution. To determine absolute 

concentrations in the NMR tube, two strategies prevail: referencing with an internal standard 
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(dissolved in the sample or more rarely as an external reference using a reference material contained 

in a separate solution) or calibration with dedicated solutions of commercial compounds (Cullen et al. 

2013). For internal referencing, a reliable internal standard is required. Trimethylsilylpropionic-2,2,3,3-

d4 acid sodium salt (TSP or TMSP) or 3-(Trimethylsilyl)-1-propanesulfonic 2,2,3,3,4,4-d6 acid sodium 

salt (DSS), also used for chemical shift referencing in aqueous solutions (Wishart et al. 1995), may be 

used when macromolecules are not present in the sample. Otherwise macromolecules would interact 

with TSP (Shimizu et al. 1994). For external calibration, acquisitions must be performed in the exact 

same conditions as for the analysed mixture, including pH (Giraudeau et al. 2014). Interestingly, 

electronic reference methods exist (Akoka et al. 1999; Jung et al. 2016) but are not employed routinely 

in biofluid metabolomics. While there are many integration tools, reference methods and 

corresponding protocols available, there is no real consensus on the processing workflow to determine 

absolute metabolite concentrations. 

The objectives of the present study were to compare commonly used NMR software or tools using 

NMR peak integration or deconvolution, and to evaluate the operator or software effect on the 

trueness of quantitative results. For this study, we used 1D 1H-NMR spectra of a synthetic urine sample 

based on the experimental design described in Figure 1. The use of a biofluid model sample is relevant 

since biological fluids such as urine are widely studied in metabolomics, and standard protocols have 

been proposed for the robust accurate quantification of potential urinary biomarkers by NMR (Emwas 

et al. 2016). 

 

2 Materials and Methods 

2.1 Sample preparation 

NMR tools were assessed using a homemade solution that imitates real urine (CDC-Center for Disease 

Control and Prevention 2010), thereafter named ‘synthetic urine’ containing known amounts of 32 

commercial metabolites. The metabolites and their concentrations were chosen from published data 

(Bouatra et al. 2013), and by selecting concentrations compatible with the sensitivity of proton NMR 

and metabolite signals spread over the full spectral width. Synthetic urine was prepared and pH-

adjusted as detailed in Online Resource 1. Metabolite concentrations in the NMR tube ranged from 64 

to 7,959 µM (Online Resource 1). Five calibration range solutions containing the 32 compounds (0.1 to 

12 mM concentrations) were also prepared (Online Resource 1). The synthetic urine and calibration 

solutions were supplemented with TSP for chemical shift calibration and 700 µl were transferred into 

a 5-mm NMR tube for a SampleJet autosampler (Bruker, Wissembourg, France). 
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2.2 NMR acquisition and spectra pre-processing 

An Avance-III HD Ultrashield 600-MHz spectrometer was used (Bruker BioSpin, Wissembourg, France), 

equipped with an ATMA CPQCI cryo-probe flushed with N2 with Z-gradient coils for 5-mm NMR tubes. 

The 1H-NMR spectra were acquired with a 1D pulse sequence with presaturation (Bruker “zgpr“), a 90° 

pulse angle, a 12-ppm spectral width, a 5-s acquisition time, a 35-s recovery delay, two dummy scans 

and 32 scans. The presaturation power level was adjusted to obtain an intensity of the residual water 

peak as intense as the most intense metabolite peak. NOESYpr spectra were acquired with a 

“noesypr1d” pulse sequence with a 12-ppm width, a 5-s acquisition time, a 35-s recovery delay, a 0.1-

s mixing time, two dummy scans and 32 scans. The choice of a long recovery delay (35 s) for zgpr and 

NOESYpr spectra was based on T1 relaxation times of metabolites. For each pulse sequence, the 40-s 

total inter-scan resulting delay ensured full longitudinal relaxation for all 1H signals of interest. The 

receiver gain determined on the synthetic urine sample was used for all samples. The spectrum of the 

synthetic urine sample was acquired three times (without removing the NMR tube from the magnet) 

and that of each calibration range solution once. The spectra were pre-processed as follows: Fourier 

transformation, manual phase correction and automatic baseline correction with a polynomial of 

degree three, with TopSpin v4.0.7 (Bruker BioSpin, Karlsruhe, Germany) at one site by one operator 

and sent to the other sites. The spectra were deposited in the recherche.data.gouv.fr open repository 

(https://doi.org/10.57745/J0Y81K). 

2.3 Metabolite quantification 

For the pre-processed zgpr spectra, each operator quantified the urinary metabolites with the TopSpin 

integration module (Bruker BioSpin, Karlsruhe, Germany), using either internal referencing with TSP or 

external calibration with the calibration-range solutions, as well as his/her favourite in-house tool or 

open-access or commercial NMR software (Online Resource 2). The integration regions for each 

metabolite were chosen by each operator independently focussing on non-overlapping peaks 

whenever possible and are indicated in Online Resources 3-4 and at https://doi.org/10.57745/J0Y81K. 

Quantification using TopSpin integration module and internal referencing with TSP 

Each operator chose one signal per metabolite and integrated it using the TopSpin integration module 

(Bruker BioSpin, Karlsruhe, Germany). The metabolite concentration was then calculated according to 

expression (1). 

𝐶𝑥 =
𝐼𝑥 × 𝐶𝑠 × 𝑁𝑠 

𝐼𝑠 × 𝑁𝑥
 

(1) 

https://doi.org/10.57745/J0Y81K
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Cx is the metabolite concentration, Ix the integral of the metabolite peak, Nx the number of protons 

contributing to the signal, Cs the standard concentration, Is the integral of the standard proton signal, 

and Ns the number of protons contributing to the standard proton signal.  

Quantification using the TopSpin integration module with calibration curves 

For each metabolite, a calibration curve (Ix = a × Cx + b) was plotted using the integrated areas of a 

selected metabolite peak in each calibration-range solution spectrum as a function of the 

corresponding metabolite concentrations. The curve was fitted with a linear regression model. 

Metabolite concentrations in the synthetic urine were then determined by incorporating peak integral 

values into the corresponding regression model. Each operator chose independently one signal per 

metabolite and used the same integration regions for the urine solution and the calibration-range 

solutions as for the TSP referencing method. 

Quantification using the NMRProcFlow integration module with calibration curves 

One operator used the NMRProFlow online tool (https://nmrprocflow.org/, (Jacob et al. 2017)) for 

local peak realignment of the received 1D spectra, for the determination of the peak integration 

regions and for concentration calculations based on the five calibration-range solutions.  

Quantification using Mnova deconvolution tool 

One operator used MestReNova software (Mnova, Mestrelab Research, Santiago de Compostela, 

Spain) with the Simple Mixture Analysis plugin for semi-automatic metabolite quantification, using the 

received 1D spectra. This software was used to define the integration regions as peaks or multiplets, 

using a signal deconvolution tool (GSD) to extract the integrals and thus quantify the concentrations 

of the identified metabolites. The synthetic urine concentration measurements were based on a library 

of spectra of the calibration-range solutions and their concentrations. 

Quantification using MetaboHUB in-house deconvolution tool “NMRDeconvR” 

One operator used an in-house application based on a dedicated R package 

(https://github.com/INRA/Rnmr1D), hereafter named “NMRDeconvR”. Its main functions are noise 

reduction, baseline correction, automatic ppm calibration based on TSP or DSS and deconvolution. The 

latter is based on the search for peaks from the second derivative of the signal, then on the 

construction of a spectrum modelled as a sum of Voigt pseudo-function shapes, followed by an 

optimisation step based on the Levenberg-Marquardt algorithm (Levenberg 1944). In the present 

experiment, only local baseline correction and deconvolution were used. Quantification was 

performed using Jupyter Notebooks (Kluyver et al. 2016), a useful tool for collaborative open data 

https://nmrprocflow.org/
https://github.com/INRA/Rnmr1D
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(Mendez et al. 2019). A first notebook was used to test the deconvolution of each of the zones 

corresponding to the targeted metabolites to optimise the parameters. This set of parameters was 

then compiled in a parameter file. A second notebook focused on the deconvolution and quantification 

of the zones corresponding to the targeted metabolites in all spectra, the calibration-range spectra 

being used for calibration. 

For the pre-processed NOESYpr spectra, the best quantification method with TopSpin integration 

was used by five operators and the best deconvolution method was used by one operator.  

 

2.4 Statistical analyses 

A principal component analysis (PCA) of the synthetic urine data was performed on mean-centred and 

unit-variance scaled data using R scripts (biostatflow.org, v2.9, (Jacob et al. 2020)). The theoretical 

synthetic urine sample – obtained based on gravimetric concentrations – was added on the scores plot. 

Precision (coefficient of variation expressed as a percentage, n=3 spectra) and relative trueness (ratio 

of the mean measured value based on the three urine spectra minus the theoretical value over the 

theoretical value, expressed as a percentage) values were calculated for each metabolite quantified by 

each operator based on his/her data obtained using the three zgpr or NOESYpr pre-processed spectra. 

Mean and standard deviations were calculated for the spectra processing strategies performed by 

several operators. A Kruskal-Wallis analysis (P<0.05) was performed using jamovi (v2.2, (jamovi team 

2021)) to study the operator effect for the external calibration strategy performed on the zgpr spectra. 

NOESYpr- and zgpr-based precisions and trueness of metabolite quantifications were compared using 

Wilcoxon tests performed with biostatflow.org (P<0.05). 

 

3 Results 

This study involving several sites and operators evaluated the impact of processing and quantification 

software and methods. Several operators performed the same two protocols for peak integration with 

TopSpin followed by TSP referencing (zgpr spectra) or external calibration (zgpr and NOESYpr spectra). 

For these protocols, the peak integration boundaries were purposely operator-dependent. 

NMRProcFlow and the two deconvolution tools were used by a single operator each. Quantification 

results were first analysed separately for each type of spectra and then compared. 
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3.1 Spectra observation and annotation 

The synthetic urine spectra contained about 410-420 detectable (peak picking with TopSpin software) 

and 350-360 quantifiable (i.e. with a signal-to-noise ratio over 10) peaks for the zgpr and NOESYpr 

spectra. The quality of the baseline correction was similar in both spectra. The quantifiable peaks in 

the zgpr urine spectra were 1.1 to 1.3 times more intense than those in the NOESYpr spectra (Online 

Resource 5). The synthetic urine zgpr and NOESYpr spectra were annotated by each operator based 

on a comparison with the proton NMR spectra of pure compounds recorded using the same 

experimental parameters (Figure 2, Online Resource 6). An interactive annotated zgpr-spectrum is 

available at http://pmb-bordeaux.fr/nmrAnnot/urine.html. The four most intense signals 

corresponded to creatinine, trimethylamine-N-oxide, creatine and citric acid. 

Creatine and creatinine could not be quantified individually in the zgpr or NOESYpr spectra owing 

to the instability of creatine and a complex equilibrium between these two compounds (Figure 3 for 

zgpr). The areas of creatine or creatinine peaks in the 3.03-3.06 spectra region were not proportional 

to their initial theoretical individual concentrations in the calibration-range solutions. However, their 

sum was proportional to the initial ‘creatinine + creatine’ concentration, which allowed the 

quantification of the total ‘creatinine + creatine’ concentration with all spectra processing strategies. 

Since lactic acid and threonine could not be quantified individually in the zgpr or NOESYpr spectra using 

peak integration owing to peak overlapping, their sum was quantified. Their individual quantification 

was tested using deconvolution. Cysteine in solution is known to be unstable over time ((Zecchini et 

al. 2019; Krattenmacher et al. 2019) and especially at pH 7.4 as mentioned previously (Zecchini et al. 

2019; Krattenmacher et al. 2019): it was dimerized to cystine that was used to estimate it. 

 

3.2 Quantifications based on zgpr spectra 

The spectral regions selected for peak integration (PI1 and PI2) or deconvolution (DC2) are listed in 

Online Resource 3 and available at https://doi.org/10.57745/J0Y81K, respectively. For most 

metabolites, the operators chose the same spectral regions. Some metabolites were not quantifiable 

by all methods, commercial or in-house NMR software or tools (Online Resource 7). Twenty 

metabolites and the sums of creatine and creatinine or lactic acid and threonine were successfully 

quantified using all quantification strategies (Table 1). To obtain an overview of these quantification 

data, a PCA was performed on these 22 concentrations (Online Resource 8). The ‘theoretical’ sample, 

based on gravimetric metabolite concentrations, was plotted in the PC1xPC2 plane using the loadings 

values of the PCA performed without it. The first principal component (PC1, 46% of total variability) 

separated the processing strategy based on internal referencing with TSP from all the strategies using 

http://pmb-bordeaux.fr/nmrAnnot/urine.html
https://doi.org/10.57745/J0Y81K
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external calibration. The quantifications based on external calibration were much closer to the 

theoretical sample. Comparison of the scores and loadings plots (Online Resource 8) showed that 

internal referencing tended to over-estimate several metabolites, including 2-hydroxybutyric, acetic, 

formic and isocitric acids, alanine, histidine, phenylacetylglutamine and trigonelline. A PCA was then 

performed on the 20 common metabolites or metabolite sums quantified using external calibration 

only (Figure 4), which revealed three sample groups in the PC1xPC2 plane. PC1 (28% of total variability) 

separated the Mnova-based quantifications using deconvolution from the TopSpin-based and 

NMRProcFlow-based quantifications. NMRDeconvR tool quantifications were intermediary. PC2 

separated the NMRDeconvR-based quantifications from all other quantification data. Comparison of 

the scores plot (Figure 4A) and the loadings plot (Figure 4B) showed that the quantification of formic 

acid, guanidoacetic acid and the sum of creatine and creatinine tended to be higher with Mnova, and 

the quantification of citric acid and 1-methylhistidine tended to be higher with the NMRDeconvR than 

with TopSpin. The plotted theoretical sample was intermediary between the three sample groups. 

These tendencies were verified and detailed using precision and trueness calculations. 

The corresponding precisions (Table 1) and relative trueness (Table 2) were calculated for all 

processing methods. For internal calibration with TSP, only about one half of the metabolites were 

quantified with an absolute value of trueness lower, i.e. better, than 5%. Among the metabolites with 

an absolute trueness above 5%, glucose and pyroglutamate were the most underestimated, and 2-

hydroxybutyric acid and formic acid were the most overestimated (Table 2). Glucose was clearly 

impacted by residual water presaturation. Several resonances were impacted by peak overlap, e.g. the 

singlet at 1.92 ppm for acetic acid with resonances of the lysine multiplet at 1.97-1.87 ppm, resulting 

in impaired quantification of lysine for several operators and a slight overestimation of acetic acid 

quantification for all operators. However, with TopSpin integration module and external calibration, 

about 90% of the metabolites and metabolite sums were quantified with an absolute trueness better 

than 5%. The quantification trueness improved for several metabolites with deconvolution, either with 

Mnova or NMRDeconvR and external calibration (all 20 individual metabolites common to all strategies 

quantified with an absolute value of trueness better than 5%). 

The most accurate quantification strategy performed by several operators was peak integration 

with TopSpin followed by external calibration. For this strategy, we compared the variability between 

the operators for all 22 concentrations. Based on a Kruskal-Wallis test (P<0.05, Online Resource 9), the 

operator effect was significant for six out of the 22 variables: 3-methylhistidine, glycine, guanidoacetic 

acid, hippuric acid, pyroglutamic acid, and lactic acid plus threonine. For hippuric acid and pyroglutamic 

acid, this effect is due to the fact that the resonances selected for integration differed between 

operators. For glycine, this effect may be due to partial peak overlapping with glycerol. 
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In addition to these 22 concentrations, threonine was quantified individually using deconvolution 

with Mnova (Online Resource 7). All these metabolites, as well as cysteine, ethanolamine, glutamine, 

glycerol, lactic acid, lysine and myo-inositol were quantified using NMRProcFlow and external 

calibration (Online Resource 7). However, only ethanolamine, glutamine and glycerol had an absolute 

value of trueness better than 5%. With NMRDeconvR, cystine and lysine also had an absolute trueness 

better than 5% (Table 2). NRMDeconvR allowed the quantification of serine (3.4% precision and 5.1% 

trueness) and the estimation of fructose using the difference between fructose plus glucose and 

glucose (7.2% precision and 20.5% trueness). 

3.3 Quantifications based on NOESYpr spectra 

For NOESYpr, the best two quantification methods determined from zgpr data were evaluated, i.e. 

TopSpin integration and NMRDeconvR, both used with external calibration. Twenty-one metabolites 

and the sums of creatine and creatinine or lactic acid and threonine were successfully quantified from 

NOESYpr spectra using these quantification strategies. The precision (Online Resource 10) and trueness 

(Online Resource 11) values were calculated for the quantification data obtained from peak integration 

by several operators (23 concentrations) or from deconvolution by one operator (30 concentrations). 

For peak integration, 21 concentrations were quantified with a precision better than 5%, and among 

the latter, 17 metabolites were quantified with an absolute value of trueness better than 5%. For peak 

deconvolution, ethanolamine, glutamine, glycerol and lysine, which could not be quantified with peak 

integration, were quantified with a precision and an absolute value of trueness better than 5%.  

For peak integration which was performed by several operators, the precision and trueness values 

were compared to the corresponding values obtained by the same operators using the zgpr spectra 

(Table 3, Wilcoxon test, P<0.05). Precision was not significantly different between zgpr- and NOESYpr-

based spectra for 15 out of the 22 variables. It was significantly lower, i.e. better for 2-hydroxybutyric 

acid, alanine, phenylacetylglutamine and creatine plus creatinine in NOESYpr-based data, and for 

formic acid, isocitric acid and trimethylamine-N-oxide in zgpr-based data. Trueness was not 

significantly different between zgpr- and NOESYpr-based spectra for 16 out of the 22 variables. It was 

significantly better for acetic acid, allantoin, isocitric acid and phenylacetylglutamine in NOESYpr-based 

data, and for formic acid and trimethylamine-N-oxide in zgpr-based data.  
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4 Discussion 

4.1 Although the synthetic urine contained no macromolecules, TSP referencing was not satisfactory 

for metabolite quantification 

In the present experiment, we used a buffer solution and adjusted the pH of all samples, and had 

similar ionic strengths in the synthetic urine and the calibration-range solutions, to limit uncontrolled 

chemical shift variations. As no protein or lipid that may interact with TSP was present in the synthetic 

urine, no global overestimation of metabolite concentrations was expected. Glucose concentration 

was largely underestimated when using TSP referencing, which is in line with an impact of residual 

water presaturation on regions close to the water signal (Giraudeau et al. 2015). Pyroglutamate 

underestimation was probably due to peak overlapping. The eight metabolites overestimated by TSP 

referencing corresponded to low- or medium-intensity resonances below 2.3 ppm or above 7.3 ppm. 

To avoid possible biases with TSP added in the samples for NMR-based urine analyses, alternatives 

have been suggested in the literature, such as the use of alternative internal references (sodium 

acetate or sodium formate, (Emwas et al. 2018)) or the use of external standards (Crook and Powers 

2020). While there is no consensus on the choice of a chemical reference, our results point to the need 

to carefully analyse quantification results obtained with such methods. 

 

4.2 During our experiment, all metabolites were stable except cysteine, creatinine and creatine 

In the synthetic urine and in the calibration solutions, cysteine was dimerized into cystine that was 

used to estimate it. Therefore, in a real urine sample, the sum of cysteine and cystine could be 

estimated. Since the total creatinine output in urine is considered constant and creatinine seems quite 

stable during sample storage, many investigators normalize their results to the creatinine content 

(Spierto et al. 1997). However, in the present experiment, creatine appeared especially unstable in the 

calibration solutions. Stability issues concerning storage have previously been reported for urine 

samples for several metabolites including creatinine (Saude and Sykes 2007). As observed in the 

present experiment, the increased concentration of creatine and the instability of creatinine are in line 

with previous findings on urine using NMR analyses to study storage techniques (Saude and Sykes 

2007). This instability was suggested to be of bacterial origin, but temperature- and pH-dependent 

non-enzymatic reactions were also mentioned in vitro (Wyss and Kaddurah-Daouk 2000). For 

fingerprinting, normalization of urine contents to creatinine level must thus be used with caution. An 

alternative physiological normalization to the sum of creatinine and creatine seems a possibility when 
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no significant dysregulation of metabolism is expected. Normalization using osmolality or specific 

gravity is also an option (Emwas et al. 2018).  

 

4.3 Operator effect on quantification was limited but could be controlled better 

For the processing protocol followed by the largest number of operators on zgpr spectra, i.e. peak 

integration with TopSpin followed by external calibration, an operator effect was observed for five 

metabolites and one sum of metabolites only. This effect can be accounted for by a different choice of 

integrated resonance, as it is more difficult to define integration boundaries for some peaks than for 

others owing to peak overlapping. This is particularly true for lactic acid and threonine and for low-

intensity and complex patterns such as pyroglutamic acid. This operator effect could also be explained 

by the lower peak intensities for some signals. Indeed, in a previous experiment using synthetic urines 

with variable-size bucketing, CV and SNR were shown to have a weak but clear inverse relationship 

(Wang et al. 2013). Training of newcomers by expert users and a clear definition of criteria for selecting 

resonances and peak boundaries could limit this effect when using TopSpin. Semi-automatic definition 

modes of peak boundaries based on adaptative binning (Anderson et al. 2011; De Meyer et al. 2008) 

or on recent methods of deconvolution (Li et al. 2023; Schmid et al. 2023) could also reduce or avoid 

such operator-dependent effects. 

 

4.4 Tailored processing tools improved quantification with external calibration 

With external calibration, ethanolamine, glutamine, glycerol and threonine were accurately quantified 

using NMRProcFlow, unlike with TopSpin. With NMRProcFlow, it is possible to interactively perform 

small local realignments of resonances and select a resonance from a complex group before 

integration, e.g. realignment and selection of one resonance for a triplet as done for ethanolamine. 

Likewise, the NMRDeconvR tool made it possible to quantify the metabolites listed above as well as 

cysteine, and to estimate fructose which could not be quantified with any other strategy. Fructose and 

cysteine were at low concentrations in the initial mixture, with most NMR signals appearing as 

multiplets and with chemical shifts in spectral regions with ubiquitous peak overlapping. Therefore, 

deconvolution with manual adjustment of the peak ranges is key to extracting corresponding peak 

areas. This was not achieved with the Mnova tool here since the peak range was not manually 

readjusted by the operator. 

Overall, for quantification with external calibration, trueness was improved for nearly all variables 

and for all strategies when using NMRProcFlow or NMRDeconvR, and for most of them when using 
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Mnova. This result was expected for deconvolution, as peak overlapping concerned most of the 

metabolites present in the synthetic urine solution. This is in line with previous comparisons of 1D-

spectra deconvolution with other automated approaches for identification and quantification of 

metabolites using spiked urine or plasma samples (Zheng et al. 2011). Precision was improved for at 

least half or about half of the variables with NMRProcFlow or Mnova, respectively. However, our 

deconvolution approaches using external calibration may somehow be penalized by the distortion of 

certain peaks of the calibration spectra, unlike NMRProcFlow for which the approach by integration of 

identical zones for both synthetic urine and calibration spectra tolerates peak deformation very well.  

 

4.5 Compared to zgpr, NOESYpr had advantages and drawbacks 

1D NOESYpr pulse sequences have been advised for NMR-based metabolomics (Mckay 2011), 

especially for biofluids as they provide an efficient suppression of the faraway water magnetization 

(Giraudeau et al. 2015), although the mixing time sometimes needs to be optimised. In the present 

experiment, trueness and precision were not significantly different between zgpr- and NOESYpr-based 

spectra for about 70% of the variables. This is in line  with a study on cerebrospinal fluid showing that 

the metabolite concentrations obtained using DSS internal referencing and zgpr and noesypr1d, or 

noesygppr1d and zgpr sequences, were similar (Kolokolova et al. 2010). In the present experiment, 

trueness was slightly yet significantly better for four variables in the NOESYpr-based data, and for two 

variables in the zgpr-based data. Precision was slightly yet significantly better for four variables in the 

NOESYpr-based data, and for three variables in the zgpr-based data. Overall, the choice of the optimal 

pulse sequence is dependent on the study, matrix and operator. Most importantly, our conclusions on 

the choice of the processing and integration approach remain valid, regardless of the pulse sequence 

used. 

 

4.6 Transferability to real urine samples 

In the present study, we used a synthetic urine with known metabolite concentrations to be able to 

calculate trueness values for metabolite quantifications. However, most of our conclusions based on 

this synthetic solution mimicking urine should apply to real urine samples. 

Irrespective of the spectra processing method chosen, the adjustment of some acquisition 

parameters will be needed, since presaturation parameters are sample dependent, and their 

optimization is key to avoid or limit effects on signals close to the residual water peak. When 

transferring the methods to real urine samples, the presaturation power level will need to be adjusted 
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so that the intensity of the residual water peak does not exceed the intensity of the most intense 

metabolite peaks, while avoiding using unnecessarily high power that would be detrimental to the 

quantification of nearby metabolite peaks. 

For spectra processing, the fact that real urine samples contain peptides and proteins potentially 

interacting with TSP (Shimizu et al. 1994) reinforces the importance of external calibration compared 

to TSP referencing. In addition, an increased metabolite complexity (over 200 quantifiable metabolites 

in real urine (Bouatra et al. 2013)) and the presence of overlapping background signals from urinary 

peptides and small proteins may further bias the concentration values of several metabolites as shown 

for alanine (Gronwald et al. 2008). This increased spectral complexity points in favour of deconvolution 

tools. Moreover, in a set of real urine samples, differences of ionic strength among samples may result 

in uncontrolled chemical shift variations. To facilitate spectra processing, the ionic strength of the 

calibration solutions should be as close as possible to that of real urine, and realignment during the 

processing of spectra of calibration solutions and samples could be even more crucial than for synthetic 

urine. An experimental way to verify whether our results apply to real urine samples would be to use 

a spike-in experiment of a urinary biological sample (Klein et al. 2013). 

5 Conclusion 

The present results highlight the relevance of inter-operator or inter-laboratory tests to better 

rationalize the choice of quantification tools in targeted NMR metabolomics and confirm the relevance 

of local 1D spectrum deconvolution to improve the trueness and precision of quantitative data. 

However, when 5% precision and trueness are sufficient, TopSpin integration with external calibration 

is of interest. Results also show that the use of TSP as an internal reference for quantitative analysis of 

urine is probably not the optimal choice, in line with recent results obtained on plasma that suggested 

the use of alternative reference compounds (Nagana Gowda et al. 2021). More accurate results can be 

obtained with an external calibration strategy, although this involves a heavier and more time-

consuming experimental procedure. Finally, this study highlights the importance of inter-laboratory 

studies in the development of reliable processing methods to obtain accurate quantitative data in NMR 

metabolomics. Here, as a first step, we used a single data set and different operators to assess multiple 

processing software. Further steps would require complementary experimental designs. Using several 

NMR datasets analysed by a single operator with all the processing methods and associated software 

used in the present study would provide a more robust comparison of these processing methods. Using 

a set of identical samples distributed to several laboratories instructed to use a single acquisition and 

quantification method to quantify metabolites would provide a measure of inter-laboratory variability. 
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Tables 

Table 1. Precision for 20 metabolites and two sums of metabolites quantified from synthetic urine zgpr spectra using all strategies for resonance integration 

and calibration, and for metabolites quantified using certain strategies only. Codes of quantification strategies are given in Online Resource 2. 

  Precision (CV %) 

Quantification strategy PI1-TSPref PI1-ExtCal PI2-ExtCal DC1-ExtCal DC2-ExtCal 

Metabolite Mean value 
(n=6 op.) 

SD Mean value 
(n=6 op.) 

SD Value 
(n=1 op.) 

Value 
(n=1 op.) 

Value 
(n=1 op.) 

1-methylhistidine 2.37 0.67 2.96 0.80 1.07 3.78 4.75 

2-hydroxybutyric acid 0.28 0.07 0.69 0.16 0.59 0.58 1.12 

3-methylhistidine 1.49 0.28 1.65 0.30 1.14 3.13 2.73 
Acetic acid 0.15 0.08 0.26 0.02 0.78 1.08 1.53 
Alanine 0.41 0.09 0.57 0.13 0.27 2.12 1.37 
Allantoin 13.72 3.17 34.47 7.37 4.72 2.80 4.19 
Citric acid 0.31 0.07 0.10 0.00 0.03 0.10 1.00 

Cysteine a ND  ND  5.11 ND 
3.64 

Dimethylamine 0.45 0.14 0.22 0.07 0.20 1.40 1.33 
Ethanolamine ND  ND  0.63 ND 2.23 

Formic acid 0.54 0.34 0.33 0.17 0.74 0.88 1.68 

Fructose     ND ND 7.20 
Glucose 18.30 8.58 32.76 14.51 3.05 7.34 0.98 

Glutamine ND  ND  2.43 ND 3.73 
Glycerol ND  ND  0.20 ND 2.61 
Glycine 0.49 0.13 0.26 0.07 0.34 0.59 2.44 

Guanidoacetic acid 0.54 0.07 0.33 0.04 0.13 1.44 3.95 

Hippuric acid 0.17 0.08 0.19 0.02 1.13 1.40 0.82 
Histidine 0.29 0.03 0.62 0.09 0.26 1.35 2.34 

Indoxylsulfate 2.90 0.71 3.29 0.45 0.31 1.89 3.77 
Isocitric acid 1.22 0.28 1.11 0.18 0.56 0.81 4.99 
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Lactic acid ND  ND  9.09 ND 8.08 

Lysine ND  ND  4.59 ND 7.34 
Myo-inositol ND  ND  1.54 ND 12.37 

Phenylacetylglutamine 0.62 0.17 0.72 0.07 0.58 3.64 0.97 

Pyroglutamic acid 1.68 0.60 2.48 1.03 3.47 1.83 3.10 

Serine ND  ND  ND ND 3.36 

Threonine ND  ND  1.81 9.84 5.93 

Trigonelline 0.83 0.09 0.67 0.19 1.02 0.55 1.66 

Trimethylamine N-oxide 0.21 0.07 0.19 0.01 0.28 0.15 1.42 
Creatine + Creatinine 3.02 0.14 3.08 0.01 0.10 1.18 2.63 

Lactic acid + Threonine 5.69 8.85 1.11 1.52 0.16 0.69 0.89 

op., operator; SD, standard deviation; ND, not determined due to lack of quantifiable resonance 
a Estimated from cystine 
  



18 
 

Table 2. Relative trueness for 20 metabolites and two sums of metabolites quantified from synthetic urine zgpr spectra using all strategies for resonance 

integration and calibration, and for metabolites quantified using certain strategies only. Codes of quantification strategies are given in Online Resource 2. 

  Relative trueness (%) 

Quantification strategy PI1-TSPref PI1-ExtCal PI2-ExtCal DC1-ExtCal DC2-ExtCal 

Metabolite Mean value 
(n=6 op.) 

SD Mean value 
(n=6 op.) 

SD Value 
(n=1 op.) 

Value 
(n=1 op.) 

Value 
(n=1 op.) 

1-methylhistidine -0.96 0.94 -2.50 6.01 -0.34 -2.72 3.40 
2-hydroxybutyric acid 18.44 2.11 3.60 0.07 5.29 3.58 4.16 
3-methylhistidine -4.92 0.56 4.46 4.27 0.46 -3.00 -2.91 

Acetic acid 16.14 2.40 2.68 0.04 16.45 0.10 2.71 
Alanine 13.28 3.95 1.06 0.31 0.56 -0.01 0.02 

Allantoin  12.41 10.26 13.77 1.16 11.34 4.95 2.02 

Citric acid -6.43 2.50 1.37 0.02 1.46 -1.02 3.80 

Cysteine a ND  ND  6.77 ND 1.02 

Dimethylamine -3.88 2.76 0.84 1.27 0.27 4.59 0.07 

Ethanolamine ND  ND  -4.48 ND 1.70 

Formic acid 21.33 1.27 -2.19 0.20 -2.51 2.61 -1.88 

Fructose ND  ND  ND ND 20.53 

Glucose -36.83 46.44 -0.47 5.05 0.14 -0.06 -2.49 
Glutamine ND  ND  3.25 ND 0.29 
Glycerol ND  ND  -3.39 ND -4.08 

Glycine 1.79 2.82 -1.46 1.04 -1.16 2.56 2.70 
Guanidoacetic acid -2.50 5.86 -1.49 0.45 -0.72 3.66 -1.36 

Hippuric acid -1.30 39.40 0.57 0.48 1.39 2.60 -1.09 

Histidine 9.00 0.97 3.19 0.85 2.43 0.68 1.23 
Indoxylsulfate 5.21 2.00 2.02 1.24 0.78 -2.25 -3.32 
Isocitric acid 13.32 1.74 5.38 0.46 0.14 -2.45 1.65 

Lactic acid ND  ND  5.46 ND 10.40 
Lysine ND  ND  -14.31 ND 2.67 

Myo-inositol ND  ND  -6.96 ND -9.74 
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Phenylacetylglutamine 7.21 1.72 1.50 0.04 1.58 -4.16 1.79 

Pyroglutamic acid -49.62 117.24 -0.12 5.97 -2.00 -3.52 -2.70 
Serine ND  ND  ND ND 5.07 
Threonine ND  ND  -2.64 0.97 -3.54 
Trigonelline 6.26 2.13 -0.28 0.17 -1.40 -0.03 1.18 
Trimethylamine N-oxide -1.94 2.53 1.47 0.23 1.56 2.41 2.92 
Creatine + Creatinine -6.26 2.62 -2.28 0.25 -0.51 1.96 -3.19 

Lactic + Threonine 6.82 9.29 6.31 9.22 1.67 1.06 3.51 

op., operator; SD, standard deviation; ND, not determined due to lack of quantifiable resonance 
a Estimated from cystine 
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Table 3 Comparison of precisions and relative trueness on concentration of 20 metabolites and two 

sums of metabolites quantified from zgpr and NOESYpr spectra recorded on synthetic urine and 

processed using TopSpin integration and external calibration (PI1-ExtCal) by five operators. Ratios 

between NOESYpr- and zgpr-based precision or trueness and p-value of corresponding Wilcoxon tests.  

Metabolite 
 

NOESYpr CV over 
zgpr CV 
CV 

Wilcoxon test 
p-value 

NOESYpr trueness 
over zgpr trueness 

Wilcoxon 
test p-value 

1-methylhistidine 0.816 1.508E-01 -94.773 6.905E-01 

2-hydroxybutyric acid 0.311 1.587E-02 0.523 1.000E+00 

3-methylhistidine 0.789 9.524E-02 1.780 5.476E-01 

Acetic acid 0.959 1.508E-01 0.439 7.937E-03 

Alanine 0.450 7.937E-03 0.159 9.524E-02 

Allantoin 0.978 8.413E-01 0.403 7.937E-03 

Citric acid 1.002 1.508E-01 -3.369 9.524E-02 

Dimethylamine 1.258 1.508E-01 4.496 8.413E-01 

Formic acid 3.572 7.937E-03 -1.504 7.937E-03 

Glucose 1.452 2.222E-01 -2.289 9.524E-02 

Glycine 0.833 8.413E-01 1.538 1.000E+00 

Guanidoacetic acid 1.376 1.508E-01 3.395 1.000E+00 

Hippuric acid 1.138 6.905E-01 1.766 4.206E-01 

Histidine 1.242 5.476E-01 0.726 6.905E-01 

Indoxylsulfate 0.797 5.556E-02 -0.034 9.524E-02 

Isocitric acid 1.386 7.937E-03 -0.801 7.937E-03 

Phenylacetylglutamine 0.688 7.937E-03 0.354 7.937E-03 

Pyroglutamic acid 1.197 1.508E-01 -0.508 5.556E-02 

Trigonelline 1.920 5.556E-02 -0.703 2.222E-01 

Trimethylamine-N-oxide 1.255 7.937E-03 3.404 7.937E-03 

Creatine + Creatinine 0.979 7.937E-03 1.452 3.095E-01 

Lactic acid + Threonine 0.864 4.206E-01 1.403 6.905E-01 
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Figures 

Fig. 1 Experimental design of inter-laboratory test for metabolite quantification of synthetic urine. 
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Fig. 2 Representative 1D 1H-NMR spectrum of synthetic urine with metabolite annotation: zgpr 

spectrum. Numbers indicate the following metabolites: 1: 1-methylhistidine; 2: 2-hydroxybutyric acid; 

3: 3-methylhistidine; 4: acetic acid; 5: alanine; 6: allantoin; 7: citric acid; 8: creatine; 9: creatinine; 10: 

dimethylamine; 11: ethanolamine; 12: formic acid; 13: fructose; 14: glucose; 15: glutamine; 16: 

glycerol; 17: glycine; 18: guanidoacetic acid; 19: hippuric acid; 20: histidine; 21: indoxylsulfate; 22: 

isocitric acid; 23: lactic acid; 24: lysine; 25: myo-inositol; 26: phenylacetylglutamine; 27: pyroglutamic 

acid; 28: serine; 29: threonine; 30: trigonelline; 31: trimethylamine-N-oxide. 
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Fig. 3 Creatine and creatinine resonances in zgpr spectra and peak areas for five calibration range 

solutions. (A) Zoom-in on creatinine and creatine spectra region. (B) Plot of corresponding peak areas 

as a function of concentrations in synthetic urine solution. Ordinates: peak areas of creatine (open 

diamonds) and creatinine (open circles) resonances determined by one operator using peak 

integration with TopSpin (PI1), and of their sum (full squares). Abscissa: theoretical concentrations in 

synthetic urine at time of its preparation, i.e. “initial concentration”. a.u., arbitrary units. 
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Fig. 4 PCA of quantification data of 20 metabolites and two sums of two metabolites of synthetic urine 

quantified in zgpr spectra with external calibration. (A) Scores plot. Open circle, peak integration with 

TopSpin (PI1-ExtCal); closed circle, peak integration with NMRProcFlow (PI2-ExtCal); diamond, 

deconvolution with Mnova (DC1-ExtCal); square, deconvolution with NMRDeconvR (DC2-ExtCal); 

triangle, plot of theoretical sample. For peak integration with TopSpin performed by six operators, 

operator is annotated. (B) Loadings plot with metabolite annotation. 
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SUPPLEMENTARY INFORMATION The online version contains supplementary material. 

Online Resource 1 Preparation and metabolite concentrations of synthetic urine and calibration 

solutions. 

Online Resource 2 Strategies used for processing 1D-zgpr and NOESYpr NMR spectra of urine for 

compound quantification. 

Online Resource 3 Spectral regions selected for integration or deconvolution of signal in synthetic 

urine and calibration range zgpr NMR spectra. 

Online Resource 4 Spectral regions selected for integration or deconvolution of signal in synthetic 

urine and calibration range NOESYpr NMR spectra. 

Online Resource 5 Comparison of zgpr and NOESYpr NMR spectra of synthetic urine. 

Online Resource 6 Representative NOESYpr NMR spectrum of synthetic urine with metabolite 

annotation. 

Online Resource 7 Metabolites quantified from synthetic urine zgpr NMR spectra using different 

strategies for resonance integration and calibration. 

Online Resource 8 PCA of quantification data of 20 metabolites and two sums of two metabolites of 

synthetic urine quantified in zgpr NMR spectra by all spectra processing strategies. 

Online Resource 9 Kruskal-Wallis test of operator effect for metabolite quantification using zgpr NMR 

spectra and TopSpin integration with external calibration. 

Online Resource 10 Precision for metabolites and sums of metabolites quantified from synthetic urine 

NOESYpr NMR spectra using two spectra processing strategies and external calibration. 

Online Resource 11 Relative trueness for metabolites and sums of metabolites quantified from 

synthetic urine NOESYpr NMR spectra using two spectra processing strategies and external calibration. 
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Data Availability 

NMR spectra and their metadata have been deposited in data.gouv.fr repository, 

https://doi.org/10.57745/J0Y81K. An interactive annotated zgpr spectrum is available at http://pmb-

bordeaux.fr/nmrAnnot/urine.html. 

 

Software availability 

NMRDeconvR tool is available at https://github.com/INRA/Rnmr1D. 
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Online Resource 1 Preparation and metabolite concentrations of synthetic urine and calibration-range 

solutions. 

Preparation of the solutions 

The synthetic urine sample was prepared in ultrapure water by gravimetric method (Sartorius 

analytical balance, Gottingen, Germany) with known amounts of 32 commercial metabolites. The blank 

solution was prepared from a potassium phosphate solution (20 mM) supplemented with KCl (100 

mM), NaCl (290 mM), NaOH (32 mM), NaHCO3 (11 mM), H2SO4 (10 mM) and urea (820 mM) in 

ultrapure water. In a 50 ml volumetric flask, 25 ml of blank solution were added with volumes of the 

pure metabolite solutions, and the volume was complemented with ultrapure water. Fifteen ml of 

synthetic urine were then mixed with 6 ml of sodium and potassium phosphate buffer solution (200 

mM, pH 7.4). The pH of 900 µl of the final synthetic urine was adjusted to pH 7.4 ± 0.02 with NaOD or 

DCl 1-M solutions (1.2 µl added on average) using a titration pH unit (BTpH, Bruker, Karlsruhe, 

Germany). A volume of 630 µl of this pH-adjusted synthetic urine was supplemented with 70 µl D2O 

containing 3-trimethylsilyl-propionic-2,2,3,3-d4 acid sodium salt (TSP, 258 µM in NMR tube). 

https://doi.org/10.1007/s11306-023-02028-4
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Depending on the metabolites, the metabolite concentration in the NMR tube ranged from 64 to 7,959 

µM. Five calibration-range solutions containing the 32 compounds with concentrations ranging from 

0.1 to 12 mM were also prepared and their pH was adjusted. The calibration solutions were also 

supplemented with TSP for chemical shift calibration. 

 

Metabolite concentrations. Concentrations in the NMR tube (µM). 

Metabolites 
Synthetic 

urine (µM) Cal-1 Cal-2 Cal-3 Cal-4 Cal-5 

1-methyl-L-histidine 
(HMDB0000001 a ; 
CHEBI:70958 b) 

127.66 291.60 207.36 129.60 97.20 64.80 

(S)-2-hydroxybutyric 
acid             
(HMDB00008 ; 
CHEBI:1148) 398.06 583.95 486.62 389.30 291.97 194.65 

3-methyl-L-histidine 
(HMDB00479 ; 
CHEBI:70959) 120.82 206.74 161.52 122.75 96.91 64.61 

Acetic acid 
(HMDB00042 ; 
CHEBI:15366) 359.13 64.02 192.05 358.49 576.14 768.19 

Alanine 
(HMDB0000042 ; 
CHEBI:16449) 176.17 259.07 226.69 174.87 129.54 64.77 

Allantoin 
(HMDB0000462 ; 

CHEBI:15676) 159.68 65.44 111.25 157.06 196.33 242.14 

Citric acid 
(HMDB0000094; 
CHEBI:30769) 3442.75 4496.13 3853.82 3211.52 1926.91 642.30 

Creatine 
(HMDB0000064 ; 

CHEBI:16919) 365.70 1028.34 706.99 372.77 224.95 64.27 

Creatinine 
(HMDB0000562 ; 

CHEBI:16737) 7959.38 3857.53 5786.30 7715.06 10286.75 12858.44 

L-Cysteine   
(HMDB0000574 ; 
CHEBI:17561) 265.58 128.61 192.92 263.65 321.53 385.83 

http://www.hmdb.ca/metabolites/HMDB0000562
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Dimethylamine 
(HMDB0000087 ; 

CHEBI:17170) 323.48 398.54 365.33 318.83 265.69 199.27 

Ethanolamine 
(HMDB0000149 ; 

CHEBI:16000) 185.76 70.10 126.17 182.25 266.37 350.49 

Formic acid 
(HMDB0000142  ; 

CHEBI:30751) 163.91 260.18 208.14 162.61 110.58 65.04 

Fructose    
(CHEBI:28757) 63.93 32.29 48.43 64.58 96.86 129.15 

D-(+) Glucose    
(HMDB0000122 ; 
CHEBI:17634) 247.75 450.45 321.75 244.53 160.88 64.35 

L-Glutamine  
(HMDB0000641 ; 
CHEBI:18050) 265.34 385.48 321.23 263.41 192.74 128.49 

Glycerol  
(HMDB0000131 ; 

CHEBI:17754) 160.15 64.58 109.78 161.44 245.39 322.88 

Glycine  
(HMDB0000123 ; 

CHEBI:15428) 1205.27 3222.64 2255.85 1289.06 966.79 644.53 

Guanidoacetic acid 
(HMDB0000128 ; 

CHEBI:16344) 706.51 64.23 449.60 770.74 867.09 963.43 

Hippuric acid 
(HMDB0000714 ; 
CHEBI:18089) 2043.63 4498.56 3213.26 1927.95 1285.30 642.65 

L-Histidine   
(HMDB0000177 ; 
CHEBI:15971) 482.38 256.59 384.88 481.10 545.24 641.46 

Indoxylsulfate 
(HMDB0000682 ; 

CHEBI:43355) 156.07 191.89 172.70 153.51 108.74 63.96 

Isocitric acid 
(HMDB0000193 ; 

CHEBI:30887) 462.96 644.79 548.07 483.59 386.87 257.91 

L-Lactic acid 
(HMDB0000190; 
CHEBI:422) 96.54 146.08 120.68 95.27 82.57 63.51 

L-Lysine        
(HMDB0000182 ; 
CHEBI:18019) 144.31 64.71 103.54 142.37 187.67 232.97 

http://www.hmdb.ca/metabolites/HMDB0000087
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Myo-inositol 
(HMDB0000211 ; 

CHEBI:17268) 148.81 172.44 159.67 146.90 102.19 63.87 

Phenylacetyl-L-
glutamine 
(HMDB0006344; 
CHEBI:17884) 373.39 64.16 224.55 372.11 481.18 641.57 

L-Pyroglutamic acid 
(HMDB0000267  ; 
CHEBI:18183) 229.27 449.55 321.11 231.20 160.55 64.22 

L-Serine       
(HMDB0000187 ; 
CHEBI:17115) 208.79 129.69 162.11 207.50 259.37 324.21 

L-Threonine 
(HMDB0000167 ; 
CHEBI:16857) 119.51 64.95 90.93 116.91 155.88 194.85 

Trigonelline 
(HMDB0000875 ; 

CHEBI:18123) 129.72 65.19 162.96 247.71 521.49 880.01 

Trimethylamine N-
oxide      
(HMDB0000925 ; 
CHEBI:15724) 944.69 321.32 642.64 963.96 1285.29 1606.61 

Creatine + Creatinine 8325.08 4885.88 6493.28 8087.84 10511.70 12922.71 

L-Lactic acid +              
L -Threonine 216.05 211.03 211.61 212.18 238.45 258.36 

a HMDB: Human Metabolome Database, identifier from www.hmdb.ca 
b CHEBI: Chemical Entities of Biological Interest, identifier from https://www.ebi.ac.uk/chebi/init.do 
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Online Resource 2. Strategies used for processing 1D-zgpr and NOESYpr spectra of urine for 

compound quantification. 

Strategy code Integration module 
and mode 

Calibration mode  Number of operators for  

zgpr NOESYpr 

PI1-TSPref 
TopSpin, peak 
integration 

internal referencing with TSP 6  

PI1-ExtCal 
TopSpin, peak 
integration 

external calibration with 
calibration-range solutions 6 5 

PI2-ExtCal 
NMRProcFlow, peak 
integration 

external calibration with 
calibration-range solutions 1  

DC1-ExtCal 
Mnova, 
deconvolution 

external calibration with 
calibration-range solutions 1  

DC2-ExtCal 
NMRDeconvR, 
deconvolution 

external calibration with 
calibration-range solutions 1 1 
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Online Resource 3 Spectral regions (left and right limits in ppm) selected for signal integration in synthetic urine and calibration range spectra for metabolite 
quantification using zgpr spectra with peak integration and external calibration.  

 Integration mode and operator 

Metabolite PI1 PI1 PI1 PI1 PI1 PI1 PI2 

  Op. 1 Op. 2 Op. 3 Op. 4 Op.5 Op.6 Op. 2 

1-methylhistidine 7.010 6.990 7.010 6.992 7.013 6.984 7.013 6.986 7.011 6.986 7.009 6.990 7.010 6.993 

2-hydroxybutyric acid 0.930 0.880 1.699 1.616 0.935 0.868 0.937 0.871 0.937 0.866 0.942 0.859 0.925 0.883 

3-methylhistidine 7.030 7.010 7.030 7.007 7.039 7.013 7.046 7.013 7.034 7.011 7.032 7.009 7.030 7.012 

Acetic acid 1.930 1.915 1.929 1.916 1.93 1.914 1.931 1.917 1.929 1.919 1.929 1.918 1.929 1.918 

Alanine 1.500 1.470 1.498 1.47 1.508 1.453 1.504 1.468 1.498 1.468 1.498 1.469 1.498 1.470 

Allantoin 5.405 5.390 5.411 5.386 5.412 5.383 5.405 5.387 5.415 5.380 5.406 5.380 5.404 5.390 

Citric acid 2.690 2.635 2.691 2.638 2.692 2.635 2.695 2.637 2.695 2.632 2.690 2.634 2.689 2.664 

Creatine 3.946 3.925 3.942 3.927 3.943 3.927 3.943 3.928 3.951 3.923 3.944 3.927 3.050 3.032 

Creatinine 4.070 4.050 4.067 4.053 4.069 4.047 4.068 4.049 4.070 4.049 4.069 4.052 3.058 3.038 

Cystine a ND  ND  ND  ND  ND  ND  3.381 3.366 

Dimethylamine 2.735 2.715 2.736 2.717 2.745 2.709 2.739 2.708 2.738 2.716 2.739 2.712 2.738 2.716 

Ethanolamine ND  3.824 3.819 ND  ND  ND  ND  ND  

Formic acid 8.470 8.450 8.478 8.445 8.469 8.453 8.470 8.447 8.489 8.438 8.480 8.440 8.466 8.456 

Fructose 3.920 3.890 ND  3.921 3.888 3.922 3.887 ND  3.920 3.889 ND  

Glucose 5.250 5.230 5.249 5.234 5.26 5.226 5.257 5.224 5.253 5.226 5.250 5.226 3.503 3.495 

Glutamine ND  2.471 2.458 ND  ND  ND  ND  2.166 2.158 

Glycerol ND  3.670 3.664 ND  ND  ND  ND  3.656 3.651 

Glycine 3.572 3.558 3.570 3.562 3.576 3.559 3.58 3.558 3.570 3.558 3.578 3.558 3.573 3.560 

Guanidoacetic acid 3.805 3.795 3.805 3.797 3.804 3.793 3.804 3.798 3.808 3.797 3.807 3.797 3.805 3.795 

Hippuric acid 7.670 7.620 7.587 7.528 7.59 7.53 7.582 7.531 7.673 7.604 7.670 7.610 7.662 7.649 

Histidine 7.090 7.060 7.090 7.055 7.093 7.062 7.092 7.058 7.092 7.058 7.100 7.050 7.081 7.066 

Indoxylsulfate 7.230 7.109 7.524 7.498 7.237 7.181 7.234 7.181 7.236 7.185 7.227 7.180 7.721 7.711 

Isocitric acid 3.000 2.951 2.999 2.951 3.002 2.949 3.000 2.952 2.998 2.954 3.004 2.947 2.435 2.427 

Lactic acid ND  4.143 4.132 ND  ND  ND  ND  4.140 4.133 

Lysine ND  3.025 3.017 ND  ND  1.784 1.702 ND  1.887 1.882 
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Myo-inositol 3.557 3.527 3.542 3.528 3.558 3.526 3.558 3.523   3.558 3.528 3.307 3.301 

Phenylacetylglutamine 7.390 7.34 7.451 7.404 7.456 7.398 7.461 7.393 7.462 7.394 7.460 7.395 7.435 7.422 

Pyroglutamic acid 2.074 2.002 2.074 2.002 2.485 2.378 2.426 2.383 2.072 2.004 2.073 2.000 2.397 2.392 

Serine ND  3.852 3.844 ND  ND  ND  ND  3.848 3.844 

Threonine 4.291 4.23 4.288 4.236 4.285 4.239 4.287 4.234 4.290 4.231 4.286 4.237   

Trigonelline 8.870 8.82 8.866 8.819 8.871 8.808 9.141 9.109 9.156 9.102 9.160 9.100 8.861 8.823 

Trimethylamine-N-oxide 3.280 3.26 3.277 3.261 3.28 3.259 3.278 3.26 3.279 3.259 3.277 3.259 3.279 3.259 

Lactic acid + Threonine 1.350 1.319 1.347 1.318 1.362 1.307 1.356 1.312 1.357 1.311 1.351 1.305 1.350 1.316 

Op., operator; ND, not determined due to lack of quantifiable resonance 
a Issued from cysteine 
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Online Resource 4 Spectral regions (left and right limits in ppm) selected for signal integration in synthetic urine and calibration range spectra for metabolite 

quantification using NOESYpr spectra with peak integration and external calibration. 

 Integration mode and operator 

Metabolite PI1 PI1 PI1 PI1 PI1 

  Op. 1 Op. 2 Op. 3 Op. 4 Op.6 

1-methylhistidine 7.010 6.990 7.01 6.992 7.013 6.984 7.013 6.986 7.009 6.990 

2-hydroxybutyric acid 0.930 0.880 1.699 1.616 0.935 0.868 0.937 0.871 0.942 0.859 

3-methylhistidine 7.030 7.010 7.029 7.012 7.039 7.013 7.046 7.013 7.032 7.009 

Acetic acid 1.930 1.915 1.929 1.916 1.930 1.914 1.931 1.917 1.929 1.918 

Alanine 1.500 1.470 1.498 1.47 1.508 1.453 1.504 1.468 1.498 1.469 

Allantoin 5.405 5.390 5.411 5.386 5.413 5.383 5.405 5.387 5.406 5.380 

Citric acid 2.690 2.635 2.691 2.638 2.692 2.635 2.695 2.637 2.690 2.634 

Creatine 3.946 3.925 3.942 3.927 3.943 3.927 3.943 3.928 3.944 3.927 

Creatinine 4.070 4.500 4.067 4.053 4.070 4.047 4.068 4.049 4.069 4.052 

Cystine a ND  ND  ND  ND  ND  

Dimethylamine 2.735 2.715 2.736 2.717 2.745 2.709 2.739 2.708 2.739 2.712 

Ethanolamine ND  3.824 3.819 ND  ND  ND  

Formic acid 8.470 8.450 8.478 8.445 8.469 8.453 8.470 8.447 8.480 8.440 

Fructose 3.920 3.890   3.921 3.888       

Glucose 5.250 5.230 5.249 5.234 5.251 5.228 5.257 5.224 5.250 5.226 

Glutamine ND  2.471 2.458 ND  ND  ND  

Glycerol ND  3.67 3.664 ND  ND  ND  

Glycine 3.572 3.558 3.57 3.562 3.576 3.559 3.570 3.558 3.578 3.558 

Guanidoacetic acid 3.805 3.795 3.805 3.797 3.804 3.793 3.804 3.798 3.807 3.797 

Hippuric acid 7.670 7.620 7.587 7.528 7.590 7.530 7.582 7.531 7.670 7.610 

Histidine 7.090 7.060 7.090 7.055 7.094 7.062 7.092 7.058 7.100 7.050 

Indoxylsulfate 7.230 7.190 7.524 7.498 7.238 7.181 7.226 7.190 7.310 7.260 

Isocitric acid 3.000 2.951 2.999 2.951 3.002 2.949 3.000 2.952 3.004 2.947 

Lactic acid ND  4.143 4.132 4.143 4.110 ND  1.351 1.305 

Lysine ND  3.025 3.017 ND  ND  ND  
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Myo-inositol 3.557 3.527 3.542 3.528 3.557 3.526 3.558 3.523 3.558 3.528 

Phenylacetylglutamine 7.390 7.340 7.451 7.404 7.456 7.398 7.450 7.400 7.460 7.395 

Pyroglutamic acid 2.074 2.002 2.074 2.002 2.485 2.378 2.075 2.004 2.073 2.000 

Serine ND  3.852 3.844 ND  ND  ND   

Threonine 4.291 4.230 4.288 4.236 4.285 4.239 4.287 4.234 4.286 4.237 

Trigonelline 8.870 8.820 8.866 8.819 8.872 8.808 9.141 9.109 9.160 9.100 

Trimethylamine-N-oxide 3.280 3.260 3.277 3.261 3.279 3.259 3.278 3.260 3.277 3.259 

Lactic acid + Threonine 1.350 1.319 1.347 1.318 1.362 1.307 1.356 1.312 1.351 1.305 

Op., operator; ND, not determined due to lack of quantifiable resonance 
a Issued from cysteine 
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Online Resource 5 Comparison of zgpr and NOESYpr spectra of synthetic urine. Zoom in on the 2.7-1.4 

and 7.78-6.92 ppm regions of representative spectra. red, zgpr spectrum. blue, NOESYpr spectrum; 

green difference between the two spectra. 
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Online Resource 6 Representative 1D 1H-NMR noesypr1d spectrum of synthetic urine with metabolite 

annotation. Numbers indicate the following metabolites: 1: 1-methylhistidine; 2: 2-hydroxybutyric 

acid; 3: 3-methylhistidine; 4: acetic acid; 5: alanine; 6: allantoin; 7: citric acid; 8: creatine; 9: creatinine; 

10: dimethylamine; 11: ethanolamine; 12: formic acid; 13: fructose; 14: glucose; 15: glutamine; 16: 

glycerol; 17: glycine; 18: guanidoacetic acid; 19: hippuric acid; 20: histidine; 21: indoxylsulfate; 22: 

isocitric acid; 23: lactic acid; 24: lysine; 25: myo-inositol; 26: phenylacetylglutamine; 27: pyroglutamic 

acid; 28: serine; 29: threonine; 30: trigonelline; 31: trimethylamine-N-oxide. 
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Online Resource 7 Metabolites quantified from synthetic-urine zgpr spectra using different strategies 

for resonance integration and calibration. Pink, peak integration with Topspin and internal calibration 

(PI1-TSPref); blue, peak integration with Topspin and external calibration (PI1-ExtCal); green, peak 

integration with NMRProcFlow and external calibration (PI2-ExtCal); orange, resonance deconvolution 

with Mnova and external calibration (DC1-ExtCal); red, resonance deconvolution with NMRDeconvR 

and external calibration (DC2-ExtCal).  
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Online Resource 8 PCA of quantification data of 20 metabolites and two sums of two metabolites of 

synthetic urine quantified in zgpr spectra by all spectra processing strategies. (A) Scores plot. Squares, 

TopSpin and TSP referencing (PI1-TSPref); circles, two methods of integration (PI1, TopSpin; PI2, 

NMRProcFlow) or deconvolution (DC1, Mnova; DC2, NMRDeconvR) with external calibration; triangle, 

plot of the theoretical sample (Theor). (B) Loadings plot with metabolite annotation. 

A 

 

B 

  

PI1

PI1

PI1

PI1

PI1

PI1 PI1

PI1

PI1

PI1

PI1

PI1

PI1

PI1

PI1

PI1

PI1

PI1

DC1
DC1
DC1

PI2

PI2
PI2

DC2

DC2
DC2

Theor

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

PC1 (46%)

P
C

2
 (

1
1

%
)

1-methylhistidine

2-hydroxybutyric acid

3-methylhistidine

acetic acid

alanine

allantoin

citric acid

dimethylamine

formic acid

glucose

glycine

guanidoacetic acid

hippuric acid

histidine

indoxylsulfate

isocitric acid

phenylacetylglutamine

pyroglutamic 
acid

trigonelline

trimethylamine N-
oxide

creatine+creatinine

lactic acid+threonine

-0.50

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

0.40

0.50

-0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50P
C

2
 

PC1 



43 
 

Online Resource 9 Kruskal-Wallis test for operator effect for quantification of 20 metabolites and 

two sums of metabolites using zgpr spectra and TopSpin integration with external calibration. 

Metabolites χ² df p-value 

1-methylhistidine 7.924 5 1.600E-01 

2-hydroxybutyric acid 0.111 5 1.000E+00 

3-methylhistidine 12.766 5 2.600E-02 

Acetic acid 3.770 5 5.830E-01 

Alanine 2.637 5 7.560E-01 

Allantoin 0.813 5 9.760E-01 

Citric acid 3.129 5 6.800E-01 

Dimethylamine 7.924 5 1.600E-01 

Formic acid 4.462 5 4.850E-01 

Glucose 0.602 5 9.880E-01 

Glycine 15.971 5 7.000E-03 

Guanidoacetic acid 12.743 5 2.600E-02 

Hippuric acid 12.813 5 2.500E-02 

Histidine 8.020 5 1.550E-01 

Indoxylsulfate 2.591 5 7.630E-01 

Isocitric acid 3.339 5 6.480E-01 

Phenylacetylglutamine 0.298 5 9.980E-01 

Pyroglutamic acid 11.901 5 3.600E-02 

Trigonelline 0.953 5 9.660E-01 

Trimethylamine N-oxide 9.515 5 9.000E-02 

Creatine+Creatinine 1.795 5 8.770E-01 

Lactic acid+Threonine 14.778 5 1.100E-02 

df, degrees of freedom 
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Online Resource 10 Precision for 21 or 29 metabolites and two sums of metabolites quantified from 

synthetic-urine NOESYpr spectra using two spectra processing strategies, peak integration with 

TopSpin (PI1) or peak deconvolution with NMRDeconvR (DC2) performed by five or one operators 

(op.), and external calibration (ExtCal). 

 Precision (CV %) 

Metabolite PI1-ExtCal  DC2-ExtCal 

 

Mean value 
(n=5 op.) 

SD 
Value  

(n=1 op.) 

1-methylhistidine 2.19 1.29 5.06 

2-hydroxybutyric acid 0.20 0.05 0.71 

3-methylhistidine 1.31 0.24 2.57 

Acetic acid 0.22 0.01 3.53 

Alanine 0.23 0.05 1.85 

Allantoin 26.99 4.37 3.01 

Citric acid 0.14 0.005 0.92 

Cysteine a ND  9.91 

Dimethylamine 0.36 0.03 1.82 

Ethanolamine ND  0.96 

Formic acid 1.16 0.10 2.33 

Glucose 42.60 12.11 4.81 

Glutamine ND  3.12 

Glycerol ND  4.42 

Glycine 0.26 0.10 1.94 

Guanidoacetic acid 0.52 0.03 2.93 

Hippuric acid 0.21 0.12 0.66 

Histidine 0.67 0.16 2.53 

Indoxylsulfate 2.56 0.16 3.35 

Isocitric acid 1.64 0.05 2.56 

Lactic acid ND  4.20 

Lysine ND  4.20 

Myo-inositol 1.71 0.19 3.26 

Phenylacetylglutamine 0.50 0.08 1.72 

Pyroglutamic acid 2.83 1.30 4.05 

Serine ND  4.28 

Threonine ND  6.79 

Trigonelline 1.42 0.35 3.82 

Trimethylamine-N-oxide 0.24 0.00 2.04 

Creatine + Creatinine 3.01 0.01 3.81 

Lactic acid + Threonine 1.05 1.68 1.93 

op., operator; SD, standard deviation; ND, not determined due to lack of quantifiable resonance 
a Estimated from cystine 
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Online Resource 11 Relative trueness for 21 or 29 metabolites and two sums of metabolites quantified 

from synthetic-urine NOESYpr spectra using two spectra processing strategies, peak integration with 

TopSpin (PI1) or peak deconvolution with NMRDeconvR (DC2) performed by five or one operators, and 

external calibration. 

  Relative trueness (%) 

Metabolite PI1-ExtCal  DC2-ExtCal 

 
Mean value 

(n=5 op.) 
SD 

 
Value 

(n=1 op.) 

1-methylhistidine -4.28 7.87 3.41 

2-hydroxybutyric acid 3.35 0.63 5.21 

3-methylhistidine 3.81 3.95 3.39 

Acetic acid 2.50 0.05 4.86 

Alanine 0.81 0.13 1.45 

Allantoin 5.99 0.09 6.77 

Citric acid 1.40 0.01 -3.14 

Cysteine a ND  -3.65 

Dimethylamine 0.95 1.37 4.09 

Ethanolamine ND  3.47 

Formic acid -3.23 0.12 0.78 

Glucose 9.93 7.16 -6.38 

Glutamine ND  -4.95 

Glycerol ND  -3.26 

Glycine -0.71 1.49 5.08 

Guanidoacetic acid -1.25 0.41 -1.63 

Hippuric acid 0.72 0.40 0.42 

Histidine 3.11 0.19 2.04 

Indoxylsulfate -0.08 1.87 1.09 

Isocitric acid -5.69 0.44 -0.31 

Lactic acid ND  8.04 

Lysine 2.94  2.67 

Myo-inositol -18.47 0.68 -0.88 

Phenylacetylglutamine 0.85 0.09 0.37 

Pyroglutamic acid -6.55 5.69 -2.13 

Serine ND  7.83 

Threonine ND  4.30 

Trigonelline -0.43 0.36 1.13 

Trimethylamine-N-oxide 1.99 0.32 5.63 

Creatine + Creatinine -4.75 3.85 1.45 

Lactic acid + Threonine 8.36 14.53 5.97 

op., operator; SD, standard deviation; ND, not determined due to lack of quantifiable resonance 
a Estimated from cystine 
 

 


