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 A B S T R A C T

Background: In clinical practice, therapeutic drug monitoring (TDM) typically relies on specialized immunoas-
says or chromatography-based methods. These approaches require drug-specific setups and are limited to 
batch measurements, which can restrict their availability. Recent advances in quantitative nuclear magnetic 
resonance spectroscopy (qNMR) have made it suitable for rapid and reliable quantification of small molecules 
in human plasma. However, no qNMR-based method has yet been developed specifically for TDM.
Methods: A qNMR method for quantification of piperacillin (PIP) in human plasma was developed. Plasma 
samples were collected from 15 patients receiving PIP treatment in an intensive care unit. A total of 126 
samples were subjected to analysis using 1H-NMR spectroscopy and isotope dilution liquid chromatography–
tandem mass spectrometry. Measurements were compared within the common quantifiable range of 10 to 
100mg/L. The degree of agreement between the methods was assessed using linear regression with post-hoc 
bootstrapping and Bland–Altman analysis.
Results: The concordance correlation coefficient between methods was 0.895, suggesting good alignment. 
Linear regression showed agreement with an intercept of –0.50mg/L and a slope of 1.03. Bland–Altman 
analysis revealed a mean bias of –0.85mg/L, with limits of agreement from –18.67mg/L to +16.97mg/L.
Conclusion: This study demonstrates the potential of qNMR as a viable alternative for therapeutic drug 
monitoring, with a promising level of agreement supporting further validation in larger patient cohorts.
1. Introduction

With a growing focus on individualized medicine, therapeutic drug 
monitoring (TDM) is increasingly used in clinical practice to guide 
dosing regimens for various drug classes, such as antiepileptics [1,2], 
antipsychotics [3,4], and antibiotics [5–8].

Several analytical approaches have been developed for TDM, includ-
ing immunoassays and chromatographic techniques. Immunoassays are 
drug-specific and allow for the detection of very low concentrations, 
while chromatographic methods — such as liquid chromatography (LC) 
coupled with tandem mass spectrometry (MS/MS) — offer greater 
flexibility, enabling the quantification of different analytes or even 
multi-analyte detection [9,10]. In the context of TDM for betalactam 
antibiotics, isotope dilution LC-MS/MS [11] has emerged as the gold 
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standard. However, individualized experimental preparations are re-
quired for each batch, limiting cost- and time-efficiency, especially for 
small sample runs.

Quantitative nuclear magnetic resonance spectroscopy (qNMR) has 
recently gained attention in clinical sciences and is already well-
established in metabolomics [12–14]. It allows for fast, non-destructive 
quantification of small metabolites and exogenous organic compounds, 
with detection limits down to the low micromolar range [15]. To the 
best of our knowledge, qNMR has not yet been applied to TDM.

With increasing interest in TDM of antibiotics in intensive care 
settings — where patients often present with altered pharmacokinetics 
(PK) and pharmacodynamics (PD) [16–18] — we aimed to evalu-
ate the applicability of qNMR for quantifying betalactam drug levels. 
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Fig. 1. (A) Exemplary liquid chromatography elution profile for piperacillin (PIP), with the quantifier (dashed line) and internal standard (d5-piperacillin, solid line). (B) Exemplary 
quantitative nuclear magnetic resonance spectroscopy profile, showing a 1H-NMR spectrum with intense singlets at 8.673 ppm (pyrazine) and 3.329 ppm (deuterated methanol), 
and a highlighted triplet at 1.219 ppm originating from the indicated PIP methyl group used for quantification.
Specifically, we developed a qNMR-based method for measuring con-
centrations of piperacillin (PIP) in plasma samples from intensive care 
patients receiving piperacillin-tazobactam. Method performance was 
assessed by comparison with LC-MS/MS.

2. Methods

This work was approved by the Institutional Review Board (IRB) of 
the University of Regensburg (23-3311_3-101). Leftover material from 
routine blood gas analyses of patients who had received PIP within the 
previous 24hours. Specimens were collected in the surgical intensive 
care unit at the University Hospital Regensburg between January and 
November 2024. Following collection, samples were centrifuged at 
3000 g for 10min, and plasma was stored at –80  ◦C until analysis. As 
only leftover material was used, the requirement for informed consent 
was waived by the IRB.

2.1. Liquid chromatography - tandem mass spectrometry

PIP was quantified within a range of 1.75 to 100mg/L using a 
slightly modified isotope dilution LC-MS/MS method, based on [9]. 
Calibrators and quality controls were obtained from Recipe (Munich, 
Germany). For sample preparation, 100 μL of methanol containing the 
internal standard d5-piperacillin was added to 50 μL of plasma and 
briefly mixed. Following centrifugation, the supernatant was diluted 
1:20 with HPLC-grade water, and 15 μL of the diluted sample was in-
jected (Fig.  1A). Analysis was performed using a Waters Acquity UPLC 
system coupled to a Xevo TQD tandem quadrupole mass spectrometer 
(Waters, Milford, MA, USA). Intra- and inter-assay inaccuracy and 
imprecision (five replicates each) were ≤4.2% and ≤4.4%, respectively.

2.2. Nuclear magnetic resonance spectroscopy

PIP was quantified by qNMR within a concentration range of 10.0 to 
350mg/L using the triplet resonances at 1.219 ppm, analyzed with the 
proprietary Lifespin GmbH ‘‘Therapeutic Drug Profiler’’ software (Fig. 
1B). To prepare samples, 500 μL of a precipitation reagent containing 
deuterated methanol and pyrazine (internal standard) was mixed with 
250 μL of plasma. After incubation at –20  ◦C for 30min, samples were 
centrifuged, and the supernatant was transferred to 5 mm Bruker NMR 
tubes. One-dimensional 1H-NMR spectra were recorded at 38  ◦C on 
a 600MHz Bruker Avance NEO spectrometer equipped with a 5 mm 
BBI probe. A NOESY-presaturation pulse sequence was used with 16 
transients and 98,304 data points. The spectral width was 30ppm, and 
the relaxation delay was 10 seconds, yielding a turnaround time of 
7.2min per sample. Intra- and inter-assay inaccuracy and imprecision 
(five replicates each) were ≤7.9% and ≤4.9%, respectively.
2 
2.3. Data analysis and statistics

Concentration measurements from LC-MS/MS and qNMR were com-
pared using linear regression and Bland–Altman analysis [19]. Boot-
strapping with 1000 resampling steps was employed to estimate the 
confidence intervals of the regression parameters. Agreement was as-
sessed by calculating bias, limits of agreement, and the concordance 
correlation coefficient. Data were visualized using Python 3.11.

3. Results

In total, 212 plasma samples were obtained from 15 patients. 
Among these, 126 samples had PIP concentrations within the common 
quantifiable range of 10 to 100mg/L for both analytical methods and 
were included in the comparative analysis. The remaining samples 
outside this range (57 with concentrations below 10mg/L and 29 above 
100mg/L) were excluded from analysis. The median PIP concentration 
quantified by LC-MS/MS was 40.0mg/L (IQR 25.85 to 50.42), and 
by qNMR it was 37.51mg/L (IQR 23.54 to 52.77). Linear regression 
displayed an intercept of −0.50mg/L (95%-CI −3.33 to 2.41) and 
a slope of 1.03 (95%-CI 0.96 to 1.11; Fig.  2A). The concordance 
correlation coefficient was 0.895 (95%-CI 0.85 to 0.93). Mean bias 
was −0.85mg/L with limits of agreement ranging from −18.67mg/L 
to 16.97mg/L (Fig.  2B).

4. Discussion

Current standard methodologies for TDM, such as isotope dilution 
LC-MS/MS, are generally reliable, highly sensitive, and participate in 
proficiency testing [20]. Commercial kits are even available for mea-
suring multiple analytes in a single sample. However, in multi-analyte 
scenarios, LC-MS/MS requires tailored setups for each analyte, and the 
use of analyte-specific chromatography and stable-isotope labeled refer-
ences limits its application for random-access testing [21]. qNMR offers 
a potential solution to these limitations. Unlike LC-MS/MS, qNMR does 
not require drug-specific reference substances or complex pre-analytical 
preparations, making it ideal for random-access testing. In this study, 
qNMR provided a run-time of just 7min. Furthermore, qNMR has 
the advantage of enabling the simultaneous quantification of multiple 
compounds, as long as the corresponding resonances are adequately 
resolved in the NMR spectrum. However, compared to established TDM 
methods, qNMR’s sensitivity remains inferior.

This study demonstrates that qNMR is suitable for quantifying the 
betalactam antibiotic piperacillin and guide dosing within the con-
centration range of 10 to 100mg/L, which would have covered the 
majority of values (median 74.9mg/L, IQR 60.6 to 91.0) in the TARGET 
trial—a large randomized clinical trial on TDM in ICU patients [22]. 
Quantifying drugs in critically ill patients presents particular challenges 
due to the complexities of the biological matrix, including interference 
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Fig. 2. Comparison of piperacillin (PIP) concentrations in intensive care patients measured by quantitative nuclear magnetic resonance (qNMR) and liquid chromatography-tandem 
mass spectrometry (LC-MS/MS): (A) linear regression analysis (solid line) with 95%-confidence intervals (dashed lines) computed by bootstrapping analysis; (B) Bland–Altman 
analysis showing mean PIP concentrations (𝐶qNMR + 𝐶LC−MS∕MS)∕2 against differences (𝐶LC−MS∕MS − 𝐶qNMR) between the two methods, and limits of agreement (dashed lines).
from polypharmacy. While qNMR is still an emerging technique, ongo-
ing advancements are continually improving its performance [23–27]. 
We anticipate that qNMR will become a viable method for therapeu-
tic drug monitoring in the near future, with potential extension to 
other clinically relevant drugs — to name a few, meropenem, cef-
tazidime, fosfomycin, or valproate — possibly enabling simultaneous 
quantification of multiple therapeutics in complex matrices.

5. Conclusions

Our study indicates that qNMR is a promising tool for therapeutic 
drug monitoring of piperacillin in critically ill patients. The results 
demonstrate that qNMR is a viable alternative to LC-MS/MS for TDM, 
showing a strong level of concordance. These findings support the 
potential for further validation in larger patient cohorts to establish its 
broader clinical applicability.
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