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Abbreviations used in manuscript:

MRD - Magnetic Resonance Diagnostics

NMR - nuclear magnetic resonance

MHz - megahertz

HPLC - high pressure liquid chromatography

GC - gas chromatography

CE - capillary electrophoresis

IEM - inborn error of metabolism

CPS - carbamoyl phosphate synthetase

DSS - 3-(trimethylsilyl)-1-propane-sulfonic acid, sodium salt
VAST - Versatile Automatic Sample Transport

sfrq - spectrometer frequency

nt - number of transients

ss- steady-state scans

at- acquisition time

sw- spectral width

tpwr- transmitter power

pw- pulse width

d1- primary delay

GC-MS - gas chromatography-mass spectrometry

Magnetic Resonance Diagnostics – A New Technology for High Throughput Clinical Diagnostics

Magnetic Resonance Diagnostics (MRD) is a new branch of clinical chemistry concerned with the application of automated, high throughput Nuclear Magnetic Resonance (NMR) spectroscopy towards the rapid identification and quantitation of small molecule metabolites in biofluid mixtures (blood, urine, saliva, cerebrospinal fluid etc.).  Specifically, MRD involves using a high field (400 MHz) NMR instrument equipped with a small volume flow probe and robotic sample handler to rapidly load biofluid samples and to collect their 1H NMR spectra.  The spectra are then analyzed using sophisticated spectral deconvolution software to automatically assign individual peaks to particular compounds and to calculate peak areas to calculate compound concentrations.   Magnetic Resonance Diagnostics uses the principle of "chemical shift separation" to physically separate and identify individual compounds directly from 1H NMR spectra.  In this way, time consuming and labour intensive chromatographic separation steps (HPLC, GC, CE, etc) commonly used for most mixture analyses can be avoided.  Furthermore, because compounds are identified purely from their characteristic chemical shift signatures, MRD does not require any chemical reagents nor does it depend on the monitoring of specific chemical reactions.  In this way, MRD represents a reagentless mixture analysis technique.  Magnetic Resonance Diagnostics is particularly adept at rapidly (<2 minutes per sample) obtaining accurate readouts on the presence and concentrations of organic acids, carbohydrates, amino acids, polypeptides and other small molecule metabolites.  From these quantitative metabolic profiles it is possible to make definitive clinical diagnoses using standard clinical chemistry guidelines.


NMR spectroscopy is not new to the field of clinical chemistry.  Indeed a number of important applications have already been demonstrated in the area of diagnosis and therapeutic monitoring of metabolic disorders (1,2,3,4,5) and in toxicological testing of metabolites or xenobiotics of endogenous and exogenous origin (1,6).  In addition, NMR has been utilized in the detection and diagnosis of chronic diseases such as cancer and several nephrologic disease states (1,7,8) as well as in the profiling of blood lipoproteins and cholesterol (9).  An emerging approach to enable high-throughput in vivo toxicology is called metabonomics, which utilizes high-resolution NMR to rapidly evaluate the metabolic status of an animal. (10,11,12).  

However, a key limitation to all of these approaches is that they depend on manual sample handling and/or manual (i.e. expert) spectral analysis.  This has made most NMR approaches to clinical analyses far too slow or too costly for routine chemical profiling or high throughput screening.  This is where we believe MRD has a significant advantage.  Because it is fully automated (sample handling, spectral collection and spectra analysis are all handled by robots or computers) MRD offers the potential for high throughput, comprehensive (over 150 compounds) and inexpensive chemical analysis of a wide range of biofluid samples.

To demonstrate the potential of MRD for high throughput clinical screening and metabolic profiling we constructed a simulated test run where 1000 urine samples were processed using a prototype MRD instrument developed jointly by our laboratory and Varian Inc. (Palo Alto, CA).   The intent of this test was to investigate the performance of the MRD instrument and software under the rigorous environment of a high throughput clinical testing laboratory.  The instrument was assessed on 1) sample processing speed; 2) sample handling robustness; 3) sample identification accuracy and 4) compound identification accuracy.

METHODS

1000 urine samples were collected, consisting of 925 normal and 75 abnormal samples, with the normal samples collected from healthy volunteers and the abnormal samples collected from patients with a wide variety of inborn errors of metabolism, neuroblastoma, and alcohol poisoning.  All the abnormal samples used in this test had been previously identified as such through conventional clinical screens.  Among the abnormals there were: 14 samples with propionic acidemia; 11 samples each with methylmalonic aciduria and cystinuria; 6 samples with alkaptonuria; 4 samples with glutaric aciduria I; 3 samples each with pyruvate decarboxylase deficiency, ketosis, Hartnup disorder, cystinosis, neuroblastoma, phenylketonuria, ethanol toxicity, glycerol kinase deficiency; 3 samples with unknown inborn errors of metabolism (IEM); and 2 samples with carbamoyl phosphate synthetase (CPS) deficiency.   In preparing the samples for MRD analysis, 990(L aliquots were taken from each urine sample and transferred to 1.8 mL autosampler vials, to which 0.5 mmol/L (10 (L of a 50 mmol/L solution) 3-(trimethylsilyl)-1-propane-sulfonic acid, sodium salt, DSS (Sigma-Aldrich) was added.  The samples were then adjusted to pH 6.5 using HCl(aq) or NaOH(aq), as necessary.  The prototype MRD instrument consisted of a 400 MHz Varian NMR spectrometer equipped with a 60 µL triple resonance flow probe with interchangeable flow cell and a modified Varian VAST (Versatile Automatic Sample Transport) system.  The VAST system utilizes a Gilson 215 robotic liquid handler (Gilson, Inc. USA) and 3 computer-controlled switching valves, which direct sample flow to and from the flow probe through small diameter Teflon tubing.  Each urine sample (250 µL) was automatically loaded into the NMR spectrometer and a one-dimensional 1H NMR spectrum collected.  NMR acquisition parameters were as follows: pulse sequence = ‘vast1d’; sfrq = 400.121 MHz; nt = 12; ss = 2; at = 1.998 sec.; sw = 6006.0 Hz; tpwr = 60 dB; pw = 3.0 (sec.; d1 = 0.5 sec.; ambient temperature (21.5(C ( 0.5(C).

The resulting NMR spectra were autoprocessed (transformed, phased, referenced, etc.) and deconvolved using a suite of specially developed software applications and databases. The deconvolution process allows for the automated identification and quantitation of components in biofluid mixtures through spectral database comparisons.   More than 150 different compounds are contained in the spectral database. (149 compounds were tested for in this experiment)

RESULTS

As stated earlier, the intent of this experiment was to test the robustness and performance of both the instrument and our software in a simulated clinical setting.  Overall, the instrument automatically loaded and analyzed all 1000 samples in 35.2 hours (1 sample every 2.1 minutes) with minimal human supervision.  Sample loading and rinsing took an average of 93 seconds, while spectral acquisition took 32 seconds.  Spectral processing and deconvolution (which can be performed in parallel with sample loading and data acquisition) took an average of 7.1 and 72 seconds, respectively.  During the test run, one sample loading failure occurred, but did not lead to any instrument downtime.

The deconvolution software was tested for accuracy using three criteria: 


1) identification of normal and abnormal urine samples


2) identification of specific disease states or conditions


3) identification and quantitation of urinary metabolites

The tests involved a comparison against data collected through conventional GC-MS and HPLC analysis on a selected subset of urine samples.  Examples of the high quality of the spectral fitting achieved by this software are shown in Figure 1, which shows an abnormal urine spectrum (specifically, methylmalonic aciduria), along with the software-generated spectrum, based on identified and quantified components.
Our results indicate that this novel approach to metabolite profiling and chemical testing achieved 96.0% sensitivity and 100% specificity for criteria 1, with 72 of 75 abnormals being detected and all 925 normal samples being correctly classified as normal.  Tests of criteria 2 yielded 95.5% and 92.4% for sensitivity and specificity, respectively.  In particular, 4 false positives were identified for propionic aciduria, 3 false positives for phenylketonuria, 2 false positives were identified for cystinuria, and 1 false positive for ethanol toxicity.  Initial results for the third criteria, as evidenced by the quality of spectral fitting seen in Figure 1,[image: image1.wmf] reflect a high degree of concordance with the quantitation results obtained through conventional methods.  For example, preliminary data analysis of normal samples yielded a percentage accuracy (against quantitation results obtained from clinical reference laboratory) of 83% for creatinine, 86% for glucose, and 99% for both urea and glycine.
DISCUSSION

Our results indicate that the prototype MRD instrument exhibits a very high degree of robustness and accuracy.  Relative to automated "dip stick" urinalysis testers, this MRD instrument was able to closely match the speed of these instruments – however it was able to give a far more detailed and comprehensive picture of the chemical constituents of each urine sample.  Furthermore, urine dipstick tests would have failed to identify 72 abnormal samples used in this particular test.  The ketosis would have been identified semi-quantitatively by the dipstick.  Relative to GC-MS or HPLC tests (which give comparable chemical composition information, but do not normally provide quantitative data), this MRD instrument performed on the order of 20 to 30 times faster.  Overall, this particular test demonstrated the ability of MRD to rapidly and consistently process biofluid samples and to rapidly identify and quantify key metabolic markers that are indicative of both common conditions (ethanol toxicity) and rare disorders (neuroblastoma).  As indicated by this simulated clinical trial, the technology is fully automatable, essentially reagentless and capable of detecting and quantifying biofluid components with remarkable speed and accuracy.   In summary, Magnetic Resonance Diagnostics (MRD) appears to offer a very high throughput and inexpensive approach to comprehensive clinical diagnostics and metabolic profiling.  Our data indicates that at least 149 different metabolites at concentrations above 20 (mol/L can be detected and quantified by this method.  Based on these and other small trials conducted recently in our laboratory, we believe MRD has a wide range of possible applications, including: medical diagnostics, drug compliance testing, toxicology, metabonomics, and agrifood testing.   This suggests that MRD could be an important new technology for the post-genomic era.
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Figure Legend

Fig. 1. A) 1H NMR spectrum of a urine sample from a patient with methylmalonic aciduria; B) The software spectral fit derived from the identification and quantitation of database compounds.   Inset) An enlargement of the region between 1.9 and 4.1 ppm.  Peak labels are as follows: (i) urea; (ii) 2-methyl malonate; (iii) DSS; (iv) creatinine.
