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SUMMARY

Nuclear magnetic resonance (NMR) spectroscopy is often used for the analysis of metabolites in proteina-

ceous biological specimens. However, the binding of metabolites to proteins impedes accurate quantitation 
of total metabolite concentrations by NMR, unless protein binding is disrupted by organic solvent precipita-

tion, which increases variance and may result in the loss of volatile metabolites during post-extraction drying. 
Here, we present an approach for the inference of total metabolite concentrations from Carr-Purcell-

Meiboom-Gill NMR spectra via computation of metabolite and sample-specific factors derived from the in-

dividual broadening of spectral peaks due to protein-metabolite binding. The method was validated on 
both synthetic proteinaceous samples and plasma and urine specimens including a certified reference 
plasma. Furthermore, results were compared with those obtained for methanol extracts of plasma speci-

mens. In summary, our approach obviates the need for protein precipitation, is easy to use, and allows pre-

cise and reliable determination of total metabolite concentrations.

INTRODUCTION

The quantitative analysis of endogenous and exogenous small 

molecules, such as primary metabolites and drugs, in proteina-

ceous biological specimens is usually based on measuring either 

the total concentration (C t ) or the free concentration (C f ) of a 

compound of interest. The determination of total concentrations 

of metabolites or drugs in protein-containing specimens is typi-

cally accomplished by disruption of protein binding by organic 

solvents. 1,2 In contrast, most methods developed for measuring 

free compounds involve the separation of free fractions. 3 These 

approaches can be time consuming and might suffer from 

analyte losses. 4,5 Simultaneous determination of the free and

total concentrations as well as protein-binding capacity of a 

compound can be accomplished by mass spectrometry under 

the assumption of a linear binding model and fixed stoichiom-

etry. 6 These assumptions, however, may not apply when ligands 

can bind to more than one protein-binding site. 7

NMR spectroscopy is a well-established technique for the 

identification and quantitation of low-molecular-weight com-

pounds in biological fluids. 8,9 Due to its robustness and repro-

ducibility, NMR is well suited for high-throughput analyses of 

large sample cohorts 10 allowing the identification of nearly 

90 metabolites in human blood. 11 One drawback is the 

considerable signal overlap due to the large number of solutes 

found in biofluids. This overlap can be resolved by either

MOTIVATION The investigation of the metabolome can offer new insights into medical and/or biological 

topics. To this end, a popular method is nuclear magnetic resonance (NMR) spectroscopy. The presence 

of proteins makes this analysis more challenging due to protein-metabolite interactions. Most current 

methods to address this problem often need additional experimental steps or are only able to quantify the 

unbound fraction of a specific metabolite. Therefore, we developed an approach to obtain both free and total 

metabolite amounts from a single NMR spectrum based on the evaluation of the individual line broadenings 

of the metabolite NMR signals upon protein binding.
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multidimensional NMR experiments 12–14 or deconvolution of 

overlapping signals in 1D NMR spectra by commercial (e.g., 

Chenomx [Chenomx Inc., Edmonton, AB, Canada]) or public-

domain software such as Batman, 15 Bayesil, 16 MagMet, 17 or 

MetaboDecon1D. 18 Further complications arise from the pres-

ence of macromolecules such as proteins, which lead to broad 

background signals underneath the narrow signals of metabo-

lites complicating their quantitation. As stated above, proteins 

may be removed by ultrafiltration, 19 which will also remove 

bound small endogenous and exogenous molecules like drugs, 

or by protein precipitation with typically methanol or methanol-

chloroform, which will disrupt protein binding of small molecules 

and allow determination of their total concentrations. 20 In gen-

eral, protein-metabolite interaction is a highly complex process, 

which plays a crucial role in cellular processes, in metabolic 

pathways, and also in the understanding of disease. 21 For 

many metabolites, protein binding has been described. 21–23 Pro-

tein precipitation, however, is also not without pitfalls and can 

lead to poor recovery, increased variance, and loss of volatile 

compounds during post-extraction drying. 24,25 Alternatively, 

relaxation or diffusion-based spectral editing techniques allow 

the suppression of macromolecular signals. 26–28 These ap-

proaches play an important role in studies where large numbers 

of specimens need to be compared and, thus, the experimental 

differences between the spectra have to be reduced to a mini-

mum. 29 The most popular technique for the analysis of blood 

plasma is the Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence, which employs a T 2 -based relaxation filter and is 

recognized as an effective approach for the removal of macro-

molecules like proteins, while also allowing precise metabolite 

quantification. 30 This enables insights into topics like biomarker 

discovery or the identification of drug targets. 11,30 Additionally, 

this method has a higher reproducibility than the physical or 

chemical removal of macromolecules. 31 However, this relaxation 

filter will also attenuate the signals of protein-bound molecules. 

For a fixed T 2 -based relaxation filter, the degree of signal atten-

uation depends on the degree of metabolite binding. Therefore, 

only the concentration of the free metabolite will be determined. 

To obtain the total concentration, i.e., of free and protein-bound 

metabolite, we have previously developed an experimental 

approach that provides for a given sample matrix correction fac-

tors for each metabolite by adding fixed amounts of metabolites 

to the sample matrix of interest followed by an analysis of the 

recovered amount. 32 A drawback of this approach is the need 

for the renewed determination of correction factors whenever 

the concentration and/or the composition of macromolecules 

changes markedly in the biological matrix under investigation. 

For a metabolite in fast exchange between bound and un-

bound states, an average of these two states is observed, result-

ing in an increase in signal linewidth and a decrease in signal area 

as a function of the degree of protein binding. Here, we investi-

gate how these changes in linewidth correlate with signal atten-

uation during the T 2 -based relaxation filter. We analyze whether 

determination of individual linewidths of metabolite signals in 

each sample enables the computation of metabolite and sam-

ple-specific correction factors. These factors are solely based 

on already existing CPMG NMR spectra and do not require addi-

tional experimental work.

RESULTS

Development of the algorithm using signal line 

broadening upon protein binding

The basis of line broadening considered here is the transverse 

(T 2 ) relaxation time. Line broadening is always understood as 

an increase in the full width at half maximum (FWHM) signal 

height.

Compared to small molecules, proteins tend to have shorter T 2 
relaxation times due to longer rotational correlation times and 

limited translational motion. Based on their longer T 2 relaxation 

times, small metabolites can be observed selectively by applying 

spin-echo loops, as implemented in the CPMG pulse sequence, 

prior to NMR data acquisition. 33 Thereby, the overlap with broad 

macromolecular signals is greatly diminished. Since bound me-

tabolites also experience the short T 2 relaxation time of proteins, 

they are lost during the spin-echo cycles of the CPMG pulse 

sequence and only free metabolites can be subsequently quan-

tified. Here, we introduce an algorithm for determining the total 

concentration of metabolites in CPMG spectra. It is based on 

the determination of metabolite-specific correction factors to 

compute the total amount from the obtained free concentration. 

To this end, the observed linewidth of a given metabolite is used. 

It is inversely proportional to the corresponding T 2 relaxation 

time (FWHM = 1/π*T 2 ). For a metabolite that is partly bound to 

proteins and is in fast exchange, the linewidth of the observed 

signal is a mixed state between the broad signal of the bound 

portion and the narrow signal of the free metabolite portion. Un-

der the assumption that the linewidths of both the free and bound 

forms are fixed, the observed linewidth should relate to the de-

gree of protein binding and, thereby, to the loss of detectable 

magnetization during the spin-echo loops of the CPMG pulse 

sequence. This, in turn, will allow the determination of correction 

factors to estimate the total concentration of a metabolite from 

its observed free concentration.

To this end, first the relationship between line broadening and 

decrease in signal area has to be established. Therefore, we 

initially added increasing concentrations of human serum albu-

min (HSA), which had not been depleted of fatty acids, to 

6.025 mM of TSP (3-(trimethylsilyl)-propionic acid), which is 

known for its moderate binding to protein (see STAR Methods 

section titration of human serum albumin (HSA) for details). 

Figure 1A shows the linear relationship between the shim-cor-

rected (see STAR Methods ‘‘implementation of the correction 

algorithm’’ for shim correction) TSP linewidth measured in 

each spectrum (y axis) and the concentration of HSA (x axis). 

Next, the relationship between the TSP signal area and line-

width was investigated (Figure 1B). Note that the signal area 

directly corresponds to the analyte concentration in case of 

complete spin-lattice relaxation, requiring the use of a suffi-

ciently long relaxation delay between scans. More specifically, 

the y axis in Figure 1B displays the signal-loss factor that is 

defined as the maximum TSP area measured in the absence of 

HSA divided by the TSP area obtained in the presence of HSA. 

The x axis displays the corresponding line broadening L sMb of 

the TSP signal obtained for a given protein concentration (see 

STAR Methods for details). Fitting a linear regression between 

the signal-loss factor and the observed line broadening in

2 Cell Reports Methods 6, 101291, January 26, 2026

Report
ll

OPEN ACCESS



Figure 1B allows the experimental determination of the line-

broadening-dependent correction factors C b (Equation 1),

C b = 0:567 × L sMb + 0:9984: (Equation 1)

At this point, we assume that Equation 1 holds regardless of 

the compound of interest. Clearly, different metabolites experi-

ence different degrees of protein binding, which will be influ-

enced by the amount and composition of the proteins present. 

These aspects should be reflected in the differences of the cor-

responding line-broadening factors determining the correction 

factors. Therefore, we verify this assumption in the following. 

A detailed description of the developed method including a 

step-by-step guide is provided in the STAR Methods section 

implementation of the correction algorithm. Also, detailed infor-

mation on the specific signals that were used for measuring 

the linewidths is provided in Table S1.

Validation of the algorithm in synthetic and real samples 

by comparison with reference methods

To validate the method, we used metabolites commonly found in 

plasma and urine. Not all sample matrices allowed an adequate

quantification and/or use of the linewidth-based correction algo-

rithm for each metabolite due to strong signal overlap, which var-

ied between matrices. Furthermore, metabolites showing strong 

protein binding such as tryptophan, hippurate, and 3-indoxyl sul-

fate were detected in urine but not in plasma. Therefore, the list of 

analyzed metabolites is not the same in every studied specimen. 

First, 11 exemplary metabolites and TSP were analyzed in the 

absence or presence of 18 g/L (0.27 mM) HSA (Table 1; see 

STAR Methods section titration of human serum albumin (HSA) 

for details). For 3-indoxyl sulfate and hippurate, which bind 

strongly to albumin, we used lower amounts of 0.9 (0.0135 mM) 

and 1.5 g/L (0.0226 mM) HSA, respectively. For all metabolites, in-

dividual specimens were prepared. A fixed metabolite concentra-

tion of 2.5 mM was used in all cases. For some metabolites, this 

concentration exceeds physiological levels. However, we chose 

this concentration to allow the investigation of strongly binding 

metabolites. Columns 2 and 3 in Table 1 show the signal areas ob-

tained with and without the addition of HSA in relation to the inter-

nal standard formic acid, respectively. The quotient of the area 

values given in column 4 reflects the required correction factors 

to derive the total metabolite concentrations. The correction fac-

tors calculated using Equation 1 (column 5) should ideally match 

the values given in column 4. Therefore, the quotients of columns

4 and 5 were calculated (column 6) and found to scatter closely 

around 1.0, thus indicating that the linewidth-based correction 

given by Equation 1 allows an accurate determination of the total 

signal area of a given metabolite.

The algorithm was also validated on human biofluid specimens. 

To this end, urine and plasma specimens from the German 

Chronic Kidney Disease (GCKD) study 34,35 collected at baseline 

were employed in addition to three pooled plasma samples 

from acute kidney injury (AKI) patients 36 and a certified National 

Institute of Standards and Technology (NIST) reference plasma 

(see STAR Methods for details). First, the pooled plasma samples 

were split into 2 aliquots each. The first aliquot was left untreated, 

while the second aliquot was subjected to protein precipitation, 

as described in the section STAR Methods. The quantitative re-

sults obtained for the latter served as approximations of the total 

metabolite concentrations. Table 2A shows the results obtained 

for 16 metabolites in one of the AKI plasma pools (the results 

for the other two AKI plasma pools are given in Tables S2A and 

S2B). Note that strongly binding metabolites such as tryptophan, 

hippurate, and 3-indoxyl sulfate could not be detected in plasma. 

The second column of Table 2A contains the free metabolite con-

centrations determined without prior protein precipitation by 1D
1 H CPMG NMR, while the third column gives the total concentra-

tions obtained for a precipitated sample. Ideally, the quotient of 

these two values (column 4) should equal the correction factor ob-

tained by linewidth analysis given in column 5, as evidenced by 

the quotients of columns 4 and 5 listed in column 6, which scatter 

mostly around 1, thus indicating a good agreement between the 

linewidth-based correction factor and the quotient of total and 

free metabolite concentrations. Note that those specimens also 

contained 6.025 mM TSP along with the additional reference 

standard formic acid. Recent studies used protein-binding com-

petitors like TSP with the goal to release the bound fraction of me-

tabolites and, thus, obtain total metabolite concentrations. 31,37 To 

investigate the effect of TSP on our selected metabolites, aliquots

Figure 1. Development of the correction algorithm

(A) Relationship between the shim-corrected linewidth of TSP and albumin 

concentration.

(B) Relationship between signal-loss factors (y axis) and line broadening L sMb 

of TSP. A linear correlation between line broadening and the signal-loss factor 

is observed. An increase in linewidth corresponds to a higher protein binding of 

TSP to albumin. Therefore, the free concentration of TSP decreases, which 

leads to a bigger signal-loss factor. This factor is then used to calculate the 

total concentration of TSP from its free concentration. A factor of 1 indicates no 

loss in signal area, hence no protein binding.
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of two of the three pooled plasma samples from AKI patients 36 

were additionally ultrafiltered. The results are shown in 

Tables S2A and S2B. If addition of TSP releases significant 

amounts of bound metabolite, then the free concentrations 

measured in column 2 shall be higher than the filtered ones in col-

umn 7, as ultrafiltration allows only the determination of the un-

bound metabolite fraction. As shown in column 8 of Tables S2A 

and S2B, the ratios of concentrations determined by filtration 

and of free concentrations distribute around 1 for most metabo-

lites, thus not supporting the release of considerable amounts 

of bound metabolites in our experimental setting. Also, Barrilero 

et al. described in their study that tryptophan, lysine, and citrate, 

which are also part of our study, could not be released from HSA 

upon the addition of TSP. 37

Next, a certified reference plasma specimen (NIST, SRM1950, 

Metabolites in Frozen Human Plasma), for which total metabolite 

concentrations were available, was analyzed. The second and 

third columns of Table 2B list the free metabolite concentrations 

determined by 1D 1 H CPMG NMR and the respective NIST-certi-

fied total concentrations. Note that only metabolites with avail-

able reference values were investigated. The quotients of these 

two values, which represent the underestimation of the total 

concentration, are given in column 4, while the linewidth-based 

correction factors are given in column 5. As can be seen from 

the last column, the quotients computed from columns 4 and 5 

are close to 1, indicating good agreement between the line-

width-based correction factors and the free-to-total ratios using 

the NIST reference values.

Furthermore, 60 plasma specimens from the GCKD cohort 34,35 

with varying degree of proteinuria were selected. In total, three

sets consisting of 20 specimens each were chosen. The first, 

second, and third sets contained specimens corresponding to 

a urinary albumin-to-creatinine ratio (UACR) of less than 1.27, 

101.49 ± 0.77, and 6,000 to 16,000 mg/g (albumin/creatinine), 

respectively. For each specimen, total creatinine values were 

obtained by NMR with the application of individual linewidth-

based correction factors and an IDMS-traceable enzymatic 

assay from clinical chemistry. Figure S2A shows a Bland-

Altman plot comparing the two methods. On the x axis, the 

averaged values varying between 0.046 and 0.277 mM are 

shown, while on the y axis, the deviation between the two 

methods is given. The average deviation indicated in red 

amounted to 0.001 mM, and the borders of the 95% confi-

dence interval indicated by the two green lines were at 0.023 

and − 0.025 mM. To investigate the effect of the specimen-spe-

cific individual correction factors in comparison to a global 

correction factor, the 60 individual correction factors were aver-

aged to one global factor (Figure S2B). The average deviation 

between the two methods remained the same, but the borders 

of the 95% confidence interval increased to 0.030 and

− 0.030 mM. Figure S3 shows the distribution of the individual 

correction factors obtained for creatinine ranging from 1.21 to 

1.79 with a mean value of 1.46 (median = 1.46). Further analysis 

of the individual correction factors for plasma creatinine with 

respect to the corresponding UACR showed that for UACR 

values < 1.25, 101.49 ± 0.77, and ≥6,000 mg/g (albumin/creat-

inine), averaged correction factors of 1.50, 1.47, and 1.41 were 

obtained, respectively.

For further validation, total concentrations of six selected 

amino acids that had been determined by stable-isotope dilution

Table 1. Validation of linewidth-based correction factors in synthetic samples

No albumin (2) With albumin (3) Area ratio (2)/(3) Correction factor, algorithm (4) [(2)/(3)]/(4)

Metabolite area (a.u.) area (a.u.) – – –

3-Hydroxyisovalerate 3.566 2.975 a 1.199 1.182 1.014

Acetoacetate 1.955 1.636 a 1.195 1.195 1.000

Alanine 1.801 1.743 a 1.033 1.005 1.028

Citrate 2.109 1.758 a 1.200 1.206 0.995

Hypoxanthine 0.904 0.635 a 1.424 1.299 1.096

Isobutyrate 3.541 1.967 a 1.800 1.703 1.057

Lactate 2.541 1.996 a 1.273 1.180 1.079

Pyruvate 1.234 0.944 a 1.307 1.207 1.083

Tryptophan 0.636 0.255 a 2.494 2.297 1.086

TSP 5.062 1.709 a 2.962 3.256 0.910

3-Indoxyl sulphate 0.504 0.258 b 1.953 2.039 0.958

Hippurate 1.348 0.767 c 1.757 1.700 1.034

The table shows the signal areas of 11 metabolites and TSP, which were individually added to a synthetic matrix. Each sample contained one metab-

olite at a concentration of 2.5 mM.

Signal areas were determined with TopSpin 4.1.4. Metabolite signal areas were set in relation to the signal area of the internal standard formic acid, 

which was added to each sample at a concentration of 6 mM. The ratio of the signal areas determined without and with the addition of albumin results in 

a factor (area ratio (2)/(3)) required to calculate the total metabolite signal area from the signal area in the presence of protein. This factor was then 

compared in the last column to the correction factor determined by the linewidth-based approach. Samples were prepared with no albumin added 

and with the addtion of the following amounts:
a 18 g/L (0.27 mM).
b 0.9 g/L (0.0135 mM).
c 1.5 g/L (0.0226 mM) HSA, resulting in a total of 24 samples.
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liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

in methanol extracts of 5 random baseline plasma specimens of 

the GCKD cohort 34,35 were compared with those derived from 

1D 1 H CPMG NMR spectra using sample-specific linewidth-

based correction factors (Tables S3). In each table, the second 

column lists the free metabolite concentrations obtained by 1D
1 H CPMG NMR, followed by the individual linewidth-based 

correction factor and the total concentration of each metabolite. 

The latter should ideally reflect the value obtained by LC-MS/MS 

given in the next column. Also, the quotients of MS and free NMR 

values in column 6 should approximate the linewidth-based 

correction factors. The agreement between LC-MS/MS and cor-

rected NMR values given by the quotient of the respective values 

is shown in the last column of Table S3. Table S4 summarizes the 

sample- and metabolite-specific correction factors for the five 

GCKD plasma specimens together with the mean (±SD) of the 

metabolite-specific correction factors across the 5 samples. 

The last column shows for each metabolite the average agree-

ment in concentrations between MS and corrected NMR data 

as a ratio of the two.

Next, urine specimens of GCKD patients 34,35 with varying 

degrees of proteinuria ranging from 0.84 to 15,783.59 mg/g (al-

bumin/creatinine) were investigated. The aim was to test how 

well linewidth-based estimation of total metabolite concentra-

tions copes with different amounts of protein in urine. In total, 

15 pooled specimens were analyzed (see STAR Methods for de-

tails). We focused on three metabolites that showed particularly 

strong protein binding, namely, 3-indoxyl sulfate, hippurate, and 

tryptophan. For these metabolites, the acquired signals are so 

broad that they are not amenable to quantification by Chenomx. 

Therefore, we compared total signal areas as determined by 

TopSpin 4.1.4. Figure 2 shows a Bland-Altman plot of differ-

ences between the peak area integrals for total tryptophan deter-

mined by 1D 1 H CPMG NMR in methanol extracts of urine and 

indirectly in native urine specimens by linewidth-based estima-

tion, respectively, versus the mean of the two measurements. 

The corresponding results for 3-indoxyl sulfate and hippurate 

are given in Figures S1A and S1B, respectively. The 95% limits 

of agreement between the two methods as indicated by the 

upper and lower green lines, were in all cases below 10% of

Table 2. Validation of the linewidth-based correction factors on plasma samples

(A) Metabolite Free (mM) (2) Precipitated (mM) (3) (3)/(2) = (4) Algorithm (5) (4)/(5)

Acetate 0.037 0.047 1.257 1.154 1.089

Alanine 0.246 0.298 1.210 1.133 1.068

Citrate 0.094 0.111 1.179 1.074 1.097

Creatine 0.027 0.028 1.042 1.066 0.977

Creatinine 0.074 0.090 1.225 1.252 0.978

Glucose 5.647 6.525 1.156 1.120 1.032

Glycine 0.182 0.204 1.124 1.115 1.008

Isoleucine 0.079 0.091 1.151 1.166 0.987

Lactate 1.317 1.455 1.105 1.155 0.957

Leucine 0.123 0.150 1.219 1.163 1.048

Lysine 0.081 0.110 1.355 1.395 0.971

Phenylalanine 0.050 0.069 1.370 1.417 0.967

Pyruvate 0.060 0.081 1.351 1.218 1.109

Threonine 0.112 0.128 1.145 1.086 1.055

Tyrosine 0.054 0.071 1.312 1.310 1.001

Valine 0.216 0.256 1.184 1.106 1.070

(B) Metabolite Free (mM) (2) NIST (mM) (3) (3)/(2)=(4) Algorithm (5) (4)/(5)

Alanine 0.266 0.300 ± 0.026 1.129 1.030 1.096

Creatinine 0.047 0.060 ± 0.001 1.282 1.350 0.950

Glucose 4.520 4.560 ± 0.056 1.009 1.000 1.009

Glycine 0.244 0.245 ± 0.016 1.005 1.050 0.957

Isoleucine 0.052 0.056 ± 0.003 1.078 1.035 1.041

Leucine 0.084 0.100 ± 0.006 1.190 1.080 1.101

Threonine 0.117 0.120 ± 0.006 1.022 1.000 1.022

Valine 0.170 0.182 ± 0.010 1.069 1.030 1.038

Tyrosine 0.044 0.057 ± 0.003 1.291 1.240 1.041

Lysine 0.072 0.140 ± 0.014 1.950 1.890 1.032

Phenylalanine 0.034 0.051 ± 0.007 1.504 1.655 0.909

(A) On a pooled AKI plasma.

(B) On a certified reference plasma.
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the average signal areas. For all three metabolites, these data 

showed only small and no systematic differences between the 

two methods. Note that although 15 specimens were investi-

gated, not all spectra allowed an adequate determination of all 

the above-mentioned metabolites, resulting in 12 values for 

tryptophan, 11 for hippurate, and 9 for 3-indoxyl sulfate, 

respectively.

Differences in binding of 38 selected metabolites to HSA 

Besides developing a new linewidth-based algorithm for 

deriving total metabolite concentrations from 1D 1 H CPMG 

NMR spectra of proteinaceous biological specimens, we were 

interested in qualitatively analyzing the binding of 38 selected 

metabolites to HSA. For each metabolite present at a concen-

tration of 2.5 mM, the signal area with no HSA addition was 

compared to that obtained after addition of 18 g/L (0.27 mM) 

HSA in artificially generated samples as described in STAR 

Methods. As mentioned above, this metabolite concentration 

does not necessarily represent the expected concentrations of 

the selected metabolites in human plasma, but this fixed con-

centration allowed a direct comparison of the selected metabo-

lites with each other. To this end, data were acquired in all cases 

with a CPMG pulse sequence as detailed in STAR Methods. In 

Figure S4, metabolites were ranked according to their loss in 

signal area upon addition of HSA. A particular strong binding 

to HSA was observed for 3-indoxyl sulfate, hippurate, the refer-

ence compound TSP, and tryptophan, while almost no HSA 

binding was observed for 3-methylnicotinamide, glycine, N,N-

dimethylglycine, taurine, trigonelline, trimethylamine, and myo-

inositol. All signal areas were determined by TopSpin 4.1.4. 

Note that although we had investigated the metabolites creatine

and creatinine, we excluded them from Figure S4 as they were 

part of the artificial matrix used to simulate a natural environ-

ment (see STAR Methods for details) and, thus, had different 

conditions in terms of binding competition compared to the 

other 38 metabolites.

DISCUSSION

We presented a method to compute total metabolite concentra-

tions from free concentration values determined by 1D 1 H CPMG 

NMR by employing correction factors that are individually deter-

mined for metabolites based on the broadening of their respec-

tive NMR signals by protein binding.

The proposed algorithm was developed based on an experi-

mentally determined relationship between loss in signal area 

and increase in linewidth of the TSP reference signal 

(Figure 1B; Equation 1). This correction algorithm was first tested 

on an exemplary set of 11 typical metabolites (Table 1). Ideally, 

the ratio of the quantitation results obtained with and without 

the addition of HSA should correspond to the correction factors 

obtained by the algorithm. As evident from Table 1, observed 

deviations ranged from 0.0% for acetoacetate to 9.6% for hypo-

xanthine, indicating that the approach is applicable in these 

cases.

Next, the algorithm was tested under more physiological con-

ditions and with different matrices. We started by investigating 

16 metabolites in three human plasma pools (Tables 2A, S2A, 

and S2B). Compared to the results obtained after protein precip-

itation, as shown in Table 2A for the first pooled plasma sample, 

the results obtained by application of the algorithm to a 1D
1 H CPMG NMR spectrum of unprecipitated plasma differed

Figure 2. Comparison of the total areas of tryptophan in urine specimens determined by the linewidth-based correction algorithm versus 

protein precipitation

The Bland-Altman plot shows the differences between the peak area integrals for total tryptophan determined by 1D 1 H CPMG NMR after protein precipitation of 

urine with methanol and the use of linewidth-based correction in native proteinaceous urine, respectively, in relation to the mean of the two measurements. The 

mean deviation between the two methods is indicated by the red line, and the 95% confidence interval is indicated by the two green lines.
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only slightly from 0.1% for tyrosine to 10.9% for pyruvate (col-

umn 6 of Table 2A). For the two additional pooled plasma sam-

ples, comparable results were obtained. These results support 

the ability of the algorithm to reliably derive total metabolite con-

centrations of proteinaceous biological specimens.

The algorithm was further validated against the total concen-

tration values of six amino acids and creatinine, which had 

been determined in 5 plasma specimens by stable-isotope dilu-

tion LC-MS/MS and an IDMS-traceable enzymatic assay, 

respectively (Table S3). As can be seen from the last columns 

of Tables S3 and S4, the quotients between LC-MS/MS (or enzy-

matic assay) and corrected NMR values scattered around 1, 

further corroborating the overall good performance of the line-

width-based method.

In addition, we analyzed total creatinine values in 60 plasma 

specimens from patients with varying degrees of proteinuria 

ranging from 0.84 to 15,784 mg/g (urinary albumin/creatinine) 

and corresponding serum albumin values ranging from 46.19 

to 10.10 (g/L). First, individual correction factors were deter-

mined for each specimen resulting in good agreement with 

results from clinical chemistry (Figure S2A) with an average 

deviation of 6.9%. Employing one global correction factor 

for all creatinine values slightly decreased the agreement 

(Figure S2B) with an averaged deviation of 8.3%. The subtle 

benefit of using individual correction factors is also explained 

by their distribution ranging from 1.21 to 1.79 (Figure S3).

For further validation, reference plasma, for which certified to-

tal concentrations for 11 metabolites were available, was 

analyzed (Table 2B). Ideally, the ratio between free metabolite 

concentrations and certified reference values should equal the 

linewidth-based correction factors. Here, the obtained correc-

tion factors differed from the certified values within a range of 

0.9% for glucose to 10.1% for leucine.

Next, the applicability to urine was investigated. Here, we 

concentrated on strong binding compounds, namely, trypto-

phan, 3-indoxyl sulfate, and hippurate, due to the low amounts 

of total protein (less than 150 mg/g creatinine) present in urine 

specimens of healthy people. Note that in case of proteinuria, 

high amounts of protein in excess of 500 mg/g may be found in 

urine. Here we studied urine containing up to 15,783.59 mg/g (al-

bumin/creatinine). Figure 2 shows good agreement and no signif-

icant bias between estimated signal areas of total urinary trypto-

phan applying linewidth-based correction to 1D 1 H CPMG NMR 

spectra of native urine specimens and signal areas obtained for 

methanol extracts of the very same specimens. The same held 

true for 3-indoxyl sulfate and hippurate (Figures S1A and S1B). 

Therefore, the algorithm is also suitable for strong-binding me-

tabolites as long as they are detected.

As in our previous study, in which we performed spike-in ex-

periments with known amounts of metabolites in a pool of 100 

randomly selected plasma samples from the GCKD study to 

facilitate determination of total metabolite concentrations using 

1D 1 H CPMG NMR, 32 we see significant differences in plasma 

protein binding between different metabolites. Moreover, we 

also observe significant differences in plasma protein binding 

between different plasma specimens. Therefore, the calculation 

of total metabolite concentrations with the help of one metabo-

lite-specific correction factor derived from a plasma pool is

only appropriate for samples where plasma protein concentra-

tions and competition of metabolites for protein-binding sites 

are mostly constant across samples, which, however, is often 

not the case. This is confirmed for creatinine in Figures S2 

and S3.

In summary, our algorithm enables the user to estimate total 

metabolite concentrations in proteinaceous biological samples 

without any extra experimental steps.

Limitations of the study

Limitations include possible difficulties in measuring the line-

width of multiplets and of signals with a non-zero baseline. 

Also, in the presence of strong signal overlap the accuracy of 

the determined linewidth may be compromised. Furthermore, 

compounds such as branched-chain amino acids may show 

inherent flexibility even in the bound state, which will impact 

(decrease) the linewidth. Also, strongly binding compounds 

may not be detected in 1D 1 H CPMG NMR spectra of highly pro-

teinaceous specimens. Further note that the derived correction 

algorithm is solely based on experimental observations where 

we see a linear relationship between the exponentially decaying 

NMR signal and the linearly increasing linewidth. This indicates 

that for the examples shown, we are in good approximation in 

the initial linear phase of the decaying NMR signals.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Urine samples GCKD study 34,35 N/A

Plasma samples GCKD study, 34,35 NIST (SRM1950), 

Zacharias et al. 36

N/A

Sigmatrix Urine Diluent (synthetic negative urine control) Merck (Sigma-Aldrich) Cat#SAE0074

Chemicals, peptides, and recombinant proteins

1-Methylnicotinamide iodide Toronto Research Chemicals Cat#M323235

⍺ - Hydroxyisobutyric acid Merck (Sigma-Aldrich) Cat#164976

Sodium β - hydroxyisobutyric acid Merck (Sigma-Aldrich) Cat#36105

β - Hydroxyisovaleric acid Merck (Sigma-Aldrich) Cat#55453

3 – Indoxyl sulfate (potassium – 3 – indoxyl sulfate 

potassium salt)

Merck (Sigma-Aldrich) Cat#I3875

Lithium acetoacetic acid Honeywell Fluka Cat#00478

Acetone Merck (Sigma-Aldrich) Cat#176800010

L - Alanine Merck (Sigma-Aldrich) Cat#05129

Succinic acid Merck (Sigma-Aldrich) Cat#S3674

Betaine Merck (Sigma-Aldrich) Cat#61962

Sodium Pyruvic acid Merck (Sigma-Aldrich) Cat#P8574

Citric acid monohydrate Merck (Sigma-Aldrich) Cat#1.00244.0500

Creatine Merck (Sigma-Aldrich) Cat#C0780

Creatinine anhydrous Merck (Sigma-Aldrich) Cat#C4255

Dimethylamine hydrochloride Merck (Sigma-Aldrich) Cat#126365

Dimethyl sulfone Merck (Sigma-Aldrich) Cat#M81705

Acetic acid VWR International GmbH Cat#49199

Ethanol Merck (Sigma-Aldrich) Cat#32205

Fumaric acid Merck (Sigma-Aldrich) Cat#F8509

(D+) - Glucose Carl Roth GmbH + Co. KG Cat#X997.2

D – Glucuronic acid Merck (Sigma-Aldrich) Cat#71560

Glycine Merck Chemicals GmbH Cat#K40355601944

Hippuric acid Merck (Sigma-Aldrich) Cat#112003

Hydroxyacetone Merck (Sigma-Aldrich) Cat#138185

Hypoxanthine Merck (Sigma-Aldrich) Cat#56700

Isobutyric acid Merck (Sigma-Aldrich) Cat#58360

DL - Isoleucine Merck (Sigma-Aldrich) Cat#58884

DL - Leucine Merck (Sigma-Aldrich) Cat#61840

Methanol VWR International GmbH Cat#9822.2500GL

Methylamine Merck (Sigma-Aldrich) Cat#8.22091.1000

DL – Lactic acid Merck (Sigma-Aldrich) Cat#69785

Myo-inositol Merck (Sigma-Aldrich) Cat#I5125

N,N - Dimethylglycine Merck (Sigma-Aldrich) Cat#D1156

Taurine Merck (Sigma-Aldrich) Cat#T8691

L - Threonine Merck (Sigma-Aldrich) Cat#89180

Trigonelline hydrochloride Merck (Sigma-Aldrich) Cat#T5509

Trimethylamine Merck (Sigma-Aldrich) Cat#W324108-SAMPLE-K

Trimethylamine N-oxide N/A N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Urine specimens were collected at the start of the German Chronic Kidney Disease (GCKD) study. 34,35 This prospective observational 

study aims at understanding the causes, course and risk factors of progressive kidney insufficiency. Starting in 2009, it enrolled a total 

of 5217 CKD patients, 18 to 74 years of age, with an estimated glomerular filtration rate (eGFR) of 30–60 mL/min/1.73 m 2 , or an eGFR 

of >60 mL/min/1.73 m 2 and one of the following four albuminuria/proteinuria indications: urine albumin/urine creatinine >300 mg/g, 

urine albumin >300 mg/day, total urine protein/urine creatinine >500 mg/g, or total urine protein >500 mg/day. Exclusion criteria 

included active cancer, previous transplants, or heart failure stage NYHA (New York Heart Association) IV. Informed consent was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DL - Tryptophan Merck (Sigma-Aldrich) Cat#93680

DL - Valine Merck (Sigma-Aldrich) Cat#94640

3 - Methylxanthine Merck (Sigma-Aldrich) Cat#222526

Acetamide Merck (Sigma-Aldrich) Cat#00160

Theophylline Merck (Sigma-Aldrich) Cat#T1633

Adenine Merck (Sigma-Aldrich) Cat#01830

1,7 - Dimethylxanthine Merck (Sigma-Aldrich) Cat#D5385

Xanthine Merck (Sigma-Aldrich) Cat#95490

L – Ascorbic acid Merck Supelco (Sigma-Aldrich) Cat#R600408

Caffeine Merck (Sigma-Aldrich) Cat#C0750

3-(trimethylsilyl)-propionic acid-2,2,3,3-d 4 sodium 

salt (TSP)

Carl Roth GmbH + Co. KG Cat#9922.1

Formic acid Merck Supelco (Sigma-Aldrich) Cat#5.33002.0050

di-Potassium hydrogen phosphate Carl Roth GmbH + Co. KG Cat#P749.2

Potassium dihydrogen phosphate Merck Supelco (Sigma-Aldrich) Cat#1.04873.1000

Deuterium oxide Merck (Sigma-Aldrich) Cat#151882

Nicotinic acid Merck (Sigma-Aldrich) Cat#72309

Albumin from human serum, lyophilized powder, ≥96% 

(agarose gel electrophoresis, remainder mostly 

globulins, not depleted of fatty acids), molecular weight: 

66478 g/mol

Merck (Sigma-Aldrich) Cat#A1653

Amino acid mixture Merck (Sigma-Aldrich) AAS18-5mL

13C/15N-labeled canonical amino acid mix Eurisotop (CIL) MSK-CAA-1

Ammoniumformate Merck (Sigma-Aldrich) 516961

HFBA Merck (Sigma-Aldrich) 52411-25ML-F

Ethylacetate Avantor (VWR) 85481.320

Methanol Avantor (VWR) 85800.320

Isooctane Avantor (VWR) 28781.325

Propylchloroformate Merck (Sigma-Aldrich) 249467

n-Propanol Merck (Sigma-Aldrich) 1.01024.1000

3-Picoline Sigma-Aldrich 236276

Software and algorithms

TopSpin 3.1 and 4.1.4 Bruker https://www.bruker.com/en/products-and-

solutions/mr/nmr-software/topspin.html

Chenomx NMR Suite 8.3 Chenomx https://www.chenomx.com

AMIX - Viewer 3.9.13 Bruker https://www.bruker.com/en/products-and-

solutions/mr/nmr-software/amix.html

Other

600 MHz Bruker Avance III Spectrometer Bruker N/A

Certified 5 mm NMR Tubes, 4 ′′ CortecNet Cat#Z172599

Amicon Ultra-4, PLGC Ultracel-PL membrane, 10 kDa Merck Millipore Cat#UFC801096
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obtained from all patients. The study was carried out in accordance with the Declaration of Helsinki, registered in the German Reg-

ister of Clinical Trials (DRKS 00003971), and approved by the ethics committees of the participating institutions. 34,35 The native urine 

specimens were stored at − 80 ◦ C until measurement.

Plasma specimens originated from the GCKD study, 34,35 the National Institute of Standards and Technology (NIST, Gaithersburg, 

MD, USA SRM1950, Metabolites in Frozen Human Plasma), and a study on acute kidney injury (AKI) after cardiac surgery. 36 The AKI 

study was approved by the local Institutional Review Board (Ethik-Kommission der Medizinischen Fakultä t der Friedrich-Alexander-

Universitä t Erlangen-Nü rnberg, #4010), reference: https://doi.org/10.1371/journal.pone.0145042. All plasma samples were stored at

− 80 ◦ C until measurement. Samples were thawed for sample preparation and then directly measured without any further freezing and 

thawing.

METHOD DETAILS

Protein precipitation

108 urine specimens from the GCKD study 34,35 were assigned to five groups according to their urine albumin-to-creatinine ratio 

(UACR; mg/g). Group 1 comprised participants with UACR values between 0.84 and 1.29 mg/g, while UACR values in groups 2, 

3, 4, and 5 ranged from 29.5–30.46 mg/g, 293.1–306.65 mg/g, 2878.21–3104.54 mg/g, and 7749.48–15783.59 mg/g, respectively. 

Groups 1 to 4 consisted of 25 participants each, group 5 of 8 participants. From each group, 9 (8 from group 5) participants were 

selected: 3 with the highest urine creatinine levels within the group, 3 with urine creatinine levels close to the median, and 3 or 2 

(group 5) participants with the lowest urine creatinine levels in the respective group. Samples selected on the basis of their urine 

creatinine values were then pooled, resulting in 15 pooled samples out of a total of 44 urine specimens. Thereby, we aimed to eval-

uate the effect of protein binding in urine specimens differing in total solute content. From each pooled specimen, 400 μL aliquots 

were taken that served either as an unprecipitated reference sample or were subjected to protein precipitation. Before precipitation, 

10 μL of 80 mM nicotinic acid were added as an extraction standard to correct for loss of non-volatile metabolites during extraction. 

Next, 1.6 mL of 100% methanol were added to achieve a ratio of 80% methanol to 20% urinary sample. The total volume of 2 mL was 

thoroughly vortexed and centrifuged for 5 min at 4 ◦ C and 10,000 g. The supernatants were transferred to fresh vials. The remaining 

sample was washed with 200 μL of 80% methanol, followed by thorough mixing and centrifugation for 5 min at 4 ◦ C and 10,000 g. 

Supernatants were removed and combined with the first ones. The washing step was repeated one more time with the difference 

that the centrifugation was performed at 12,000 g. The combined supernatants were then evaporated to complete dryness using 

a vacuum evaporator (CombiDancer, Hettich AG, Bä ch, Switzerland) and reconstituted in 400 μL of pure water (ELGA LabWater, 

Celle, Germany).

The three pooled plasma samples from the AKI study 36 were precipitated according to the protocol by Gowda et al. 20 Briefly, 

800 μL of methanol were added to 400 μL of plasma, thoroughly mixed, incubated for 20 min at − 20 ◦ C, and centrifuged for 

30 min at 13,400 g. Supernatants were transferred to fresh vials, evaporated to complete dryness, and reconstituted in 400 μL of 

pure water. Two of those pooled plasma samples were also ultrafiltrated as described below.

Ultrafiltration of plasma

For ultrafiltration of the pooled plasma samples, we used a filter with a cutoff of 10 kDa. The centrifugal filters were washed with 3 mL 

of water and centrifuged at 4,000 g for 30 min. Then, 4 mL of each of the 2 plasma samples together with 20 μL of 80 mM nicotinic acid 

as extraction standard were added to a filter tube and centrifuged at 4,000 g for 60 min.

Titration of human serum albumin (HSA)

Individual stock solutions of 38 metabolites and TSP were prepared in pure water at a concentration of 10 mM. Then, 100 μL of the 

metabolite standard were individually added to 200 μL of synthetic urine (Sigmatrix Urine Diluent, containing CaCl 2 , MgCl 2 , KCl, NaCl, 

NaH 2 PO 4 , Na 2 SO 4 , urea, creatinine, creatine and sodium azide as a preservative) to simulate a natural environment. For the results 

presented in Figure S4, 100 μL HSA were added to each of these mixtures to reach a final HSA concentration of 18 g/L, while keeping 

the metabolite or TSP concentration constant at 2.5 mM. Matching samples without the addition of HSA were prepared by replacing 

the HSA solution with pure water, resulting in a total of 78 samples. For the results presented in Table 1, 10 pairs of these samples 

were selected. For 3-indoxyl sulfate and hippurate (Table 1) we used lower amounts of HSA (0.9 and 1.5 g/L) to allow for proper signal 

detection despite high protein binding. For the development of the correction algorithm itself (Figure 1; Equation 1), HSA was added in 

14 different concentrations (see Table. Added HSA concentrations) to TSP, which was kept at a concentration of 6.025 mM. 

Table. Added HSA concentrations.

sample number albumin concentration [g/L] albumin concentration [μmol/L]

1 0.000 0

2 0.015 0.226

(Continued on next page)
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NMR spectroscopy

Plasma and urine specimens

400 μL of sample were mixed with 200 μL of 0.1 M phosphate buffer (pH 7.4), 50 μL of 0.75% (w) TSP-2,2,3,3-d4 in deuterium oxide 

(D2O) and 10 μL of a 240 mM stock solution of formic acid. For quantification we used formic acid as internal standard. Unlike TSP, it 

does not bind to protein, which makes it an adequate reference also in highly proteinaceous specimens like plasma. Although being 

an endogenous metabolite, its normal concentrations in plasma are several orders of magnitude lower than the used reference con-

centration. Therefore, the error introduced by the endogenous amount of formic acid is neglectable. 29 Additionally, 3.9 mM of borate 

was added to urinary samples to prevent bacterial growth.

Titration of HSA

For the titration experiments with HSA, 400 μL of the above-described respective protein-metabolite mixtures were mixed with 

250 μL of 0.1 M phosphate buffer containing 50 μL D2O and the internal reference formic acid at a final concentration of 6.0 mM. 

All NMR experiments were performed on a Bruker Avance III HD 600 MHz spectrometer, equipped with a Bruker SampleJet, using 

a triple resonance ( 1 H, 13 C, 15 N, 2 H lock) helium cooled cryoprobe with z-gradient. Tuning and matching of the probe as well as lock-

ing and shimming of the sample were performed automatically. The CPMG pulse sequence was used to suppress macromolecular 

signals. 38 1D 1 H CPMG spectra were acquired as described previously. 32 In short, 128 scans with 72k data points each were ac-

quired with an acquisition time and T 1 relaxation delay of 3.07 and 4 s per scan, respectively, at a temperature of 298 K or 310 K 

for pooled plasma. The spectral width was set to 12019 Hz. The total echo time of the CPMG cycle was adjusted to 80 ms, employing 

a τ e of 300 μs, 128 repetitions and an approximate 180 ◦ pulse-length of 26 μs. All spectra were processed with TopSpin 4.1.4. Data 

were Fourier transformed, phase corrected, applying a line broadening of 0.3 Hz and zero-filled to 128k data points resulting in a 

resolution of 0.09 Hz per point. All spectra were baseline corrected by application of a polynomial baseline correction.

QUANTIFICATION AND STATISTICAL ANALYSIS

NMR quantification and linewidth determination

To identify the exact signal positions of the selected metabolites, a total of 65 spike-in experiments were conducted. For quantitation 

of the unbound metabolite fractions featured in Tables 2A, 2B, and S3: Figure S2 and S3, the Chenomx NMR Suite 8.3 (Chenomx Inc., 

Edmonton, Alberta, Canada) was used in a semi-automated fashion employing the results from the spike-in experiments described 

above for signal selection. For the determination of the quantification results featured in Table 1, in Figures 2, S1, and S4 and for the 

development of the algorithm (Figure 1), signal areas were acquired by integration with TopSpin 4.1.4, also using the information from 

the above-mentioned spike-in experiments. All quantitative results were acquired in relation to the added internal reference standard 

formic acid. For quantitation, all signals of a metabolite were thoroughly evaluated, albeit considering primarily well resolved signals in 

regions with no or only limited signal overlap. Linewidths were measured automatically using TopSpin 4.1.4. For isolated signals the 

command ‘‘peakw’’ that measures the full linewidth at half height was applied. For crowded regions deconvolution was applied with 

the command ‘‘dcon’’. Linewidths were manually controlled for reliability.

Liquid chromatography− Tandem mass spectrometry (LC-MS/MS) quantification

For the determination of total concentrations of amino acids by LC− MS/MS, baseline plasma specimens of the GCKD cohort were 

precipitated with methanol, before derivatization of amino acids with propyl-chloroformate/propanol using 10 μL of plasma extract 

and subsequent analysis as previously described. 39

Continued

sample number albumin concentration [g/L] albumin concentration [μmol/L]

3 0.030 0.451

4 0.150 2.256

5 0.300 4.513

6 0.900 13.538

7 1.500 22.564

8 3.000 45.128

9 4.500 67.692

10 6.000 90.255

11 9.000 135.383

12 12.000 180.511

13 15.000 225.639

14 18.000 270.766
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Implementation of the correction algorithm

The FWHM is used as a measure of the linewidth of a peak in an NMR spectrum. The FWHM of a given compound depends not only 

on protein binding, but also on other factors, in particular temperature and homogeneity of the magnetic field. Although adequate, 

thorough and constant calibration of these settings is highly important to allow a comparison of different spectra, variations can occur 

especially with respect to the homogeneity of the magnetic field. Therefore, a standard compound for shim correction must be added 

to the sample. We used formic acid, as it does not bind to protein. 29 Therefore, its linewidth will only be affected by measurement 

dependent factors such as temperature and shim. By comparison of the actual linewidth of formic acid in the sample to the formic 

acid linewidth of a standard reference spectrum, a measurement specific shim correction can be computed by calculating the dif-

ference of those two values. This shim-correction is then applied to the linewidths of all metabolites of interest in the analyzed spec-

trum as described below under ‘‘Shim correction’’. The standard linewidth of formic acid was experimentally derived from a protein-

free well-shimmed reference sample.

The application of the algorithm is described in the following for a metabolite M, where M may be any detectable metabolite of 

interest.

1. Linewidth determination: First, the optimal linewidths of all metabolites of interest, L oM , and that of formic acid, L oF , which is 

used for shim correction, are determined in a protein-free environment, ensuring optimal shimming of the samples. Table S1 

lists these values along with the specific signals and chemical shifts for 29 exemplary metabolites (including formic acid) and 

TSP that were obtained by means of a Bruker Avance III HD spectrometer at 298 K. Whenever possible we used well-shaped 

signals showing little signal overlap for the determination of linewidths. For aromatic metabolites, such as hippurate, multiplets 

were selected in the well resolved aromatic region to avoid the generally more crowded aliphatic regions of the spectra. Sec-

ond, the linewidths of formic acid (L sF ) and the specific metabolites (L sM ) are determined in the sample(s) of interest.

2. Shim correction: Subtract the reference linewidth of formic acid, L oF , from the formic acid linewidth in a spectrum of interest, 

L sF , to obtain the shim correction S c (L sF -L oF = S c ). This shim correction S c is then subtracted from all metabolite-specific line-

widths in the spectrum of interest, L sM , to obtain the shim-corrected linewidths, L sMc .

3. Line broadening of M due to protein binding: Subtract the optimal line width L oM of M from the corresponding shim corrected 

linewidth L sMc in sample s to obtain the protein line-broadening difference L sMb of that metabolite in the specific sample (L sMc - 

L oM = L sMb ).

4. Correction factor: Insert the L sMb value in Equation 1 to compute the correction factor C b .

Example: M = TSP, L oM of TSP = 0.78 Hz, L oF of formic acid = 0.70 Hz.

1. Measure the linewidths of formic acid (L sF ) and TSP (L sM ) in the spectrum of interest:

example: L sF = 0.80 Hz, L sM = 1.50 Hz.

2. Shim correction: subtract L oF from L sF : 0.8 Hz–0.7 Hz = 0.1 Hz (S c ), correct the measured linewidth L sM ; for TSP: 1.5 Hz– 

0.1 Hz = 1.4 Hz (L sMc ).

3. Calculate line broadening: subtract L oM from L sMc ; for TSP: 1.4 Hz–0.78 Hz = 0.62 Hz.

4. Insert the line broadening difference L sMb of TSP in Equation 1 to obtain the correction factor C b : 0.567*0.62 + 0.9984 = 

1.35 (C b );

thus, the quantified (unbound) concentration of TSP must be multiplied by 1.35 to obtain the total TSP concentration, example: 

unbound TSP concentration: 4.45 mM - > multiply by 1.35.

4.45mM * 1.35 = 6.008 mM, the total concentration of TSP in the sample.

Lower limits of quantification

To apply the correction algorithm successfully a reliable determination of the free metabolite concentrations is required. The lower 

limit of quantification (LLOQ) was determined using triplicate measurements of a series of geometrically diluted standard solutions. 

The LLOQ was defined as the lowest analyte concentration exhibiting a relative standard deviation between measurements of less 

than 20%. For creatine, the least abundant metabolite presented in Table 2A an LLOQ of 0.005 mM was determined. This corre-

sponds to a signal-to-noise ratio of 30.25 for the creatine signal at 3.04 ppm. For other metabolites similar LLOQ values ranging 

from 0.001 mM to 0.01 mM were obtained. Please note that these values depend, among others, on the used spectrometer, the 

used probe (here a very sensitive He-cooled cryo-probe was used), and the number of scans. In practical applications concerning 

biofluids such as urine or plasma, quantification is usually not limited by the LLOQ or insufficient signal-to-noise ratio but by signal 

overlap with other metabolites and background signals.
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