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Abstract

Localized magnetic resonance spectroscopy (LMRS) promises a powerful non-invasive means to determine myocardial triacylglycerol (TAG)
in a clinical setting. Here, the linearity, specificity, robustness, precision, and accuracy of an ex vivo mouse-heart LMRS TAG assay are assessed by
quantifying the spatial, spectral, and relaxation-induced uncertainties. The protocol, which is based on localization by adiabatic selective refocusing
(LASER) using frequency offset corrected inversion (FOCI) pulses, alternating gradient polarity, and simple post-processing, is shown to have
good characteristics. The presented protocol has a benchmark, phantom-based, accuracy of 3%, and when applied to ex vivo mouse hearts the
accuracy is 6%, making the LMRS assay comparable to the typical destructive bioanalytical assay.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Accurate, non-invasive, in vivo assays are paramount to
understanding and diagnosing disease. Localized magnetic res-
onance spectroscopy (LMRS), which uses gradient-enabled
imaging systems, is increasingly used both in basic and clin-
ical assays including qualitative and quantitative compositional,
temperature, and pH measurements [1-15]. Kreis [16] summa-
rized the main aspects of LMRS, including spectral artifacts,
systematic errors, and general criteria for ensuring spectral qual-
ity. Jansen et al. [6] discussed important aspects of quantitative
invivo LMRS. Typically, LMRS validation studies report a coef-
ficient of variation (CV) around 10%, with the best ranging
roughly from 2 to 5%. These values are below the FDA rec-
ommendation of 15% [17], but the inconsistently achieved low
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CV’s, more technical setup, and often complex data analysis
that characterize LMRS pose challenges to its use as a clinically
accessible diagnostic tool [18]. Nevertheless, LMRS is still one
of the best options with regard to non-invasive, in vivo biological
assays.

The overall goal of this research is to develop an in vivo,
clinically accessible LMRS assay for myocardial triacylglyc-
erol (TAG), the accumulation and metabolism of which has been
linked to the pathogenesis of the cardiac dysfunction associated
with a variety of diseases such as obesity and diabetes Mellitus
[19-22]. Boesch et al. recently reviewed LMRS as applied to
muscular TAG [3]. Generally, to be clinically accessible and use-
ful for monitoring the efficacy of interventions, the assay must
be straightforward to implement and the results easy to inter-
pret with an overall accuracy (defined below) of roughly 10%.
Noting these criteria, the '"H LMRS technique employed here is
based on simple post-processing and localization by adiabatic
selective refocusing (LASER), a robust, precise, and clinically
amenable localization method [7,23-25]. The development of
the TAG assay is proceeding in two stages: first, implementation
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and validation in phantom and ex vivo studies, and second, imple-
mentation in vivo. Because the precision of the second in vivo
stage will be degraded by cardiac and respiratory motion [4,26],
the targeted precision for the first stage is ~5%.

The first stage, which is reported here, first characterizes the
limitations of the LMRS TAG protocol using on a 4.7 T small-
animal MR scanner and multi-compartment phantoms. The
characterization proceeds by optimizing the critical parameters
of the protocol and quantifying the effects of these parameters,
and that of 7, relaxation, on the measurement uncertainty. The
well resolved 'H resonances, uniform magnetic susceptibility,
long relaxation times, and precise analyte containment of the
phantoms allow for a clear characterization of the detrimental
effects that localization has on the assay. After this character-
ization, the phantom-optimized protocol is applied to ex vivo
mouse hearts, and the results compared to biochemical analysis.
The ex vivo mouse-heart samples have broader, multiple com-
ponent 'H resonances, short relaxation times, and are typical of
what can be expected of in vivo TAG assays, though without the
additional challenge of sample motion.

2. Experimental
2.1. Phantom samples

Phantoms consisted of sealed 1.2mm i.d. polypropylene
tubes that were filled with gravimetrically prepared dilutions of #-
butanol in distilled H> O and placed together in an H,O medium.
Assay voxels were localized entirely within each respective tube
with approximate dimensions of 1 mm x 1 mm x 4 mm. Gener-
ally, six spectra for each concentration were collected at different
times over a period of 6 months. For parameter testing, six
variations were typically acquired serially. Bulk #-butanol/H,O
or acetone/H,O phantoms were also used in various tests. All
phantom spectra were collected at 20 +2 °C.

2.2. Exvivo mouse-heart samples

Ex vivo mouse-heart samples were obtained from transgenic
MHC-ACS mice which have cardiac-specific overexpression of
long-chain acyl-CoA synthetase, an enzyme that contributes to
FFA transport by vectorial acylation and/or metabolic trapping
[20]. These mice exhibit a metabolic cardiomyopathy charac-
terized by TAG accumulation that is associated with cardiac
myocyte apoptosis, left ventricular systolic dysfunction, and
premature death. These transgenic mice and their wild type
littermates, both of which were either fed or 24 h starved, pro-
vided a wide range of myocardial TAG levels. The ex vivo
hearts were prepared by perfusion fixation with 10% formamid,
excising, and quenching in liquid N». The samples were then
placed adjacent to a sealed, limited-volume, 0.02%-"H t-butanol
reference standard that was in a 3cm’ plastic syringe filled
with D>O. The MR voxels, with dimensions of approximately
3mm x 3mm x 6 mm, encompassed the entire heart or the
entire volume of the reference standard, as appropriate.

Quantitative ex vivo spectra were acquired at 37 5 °C and
then the samples were again frozen in liquid N», stored at —20 °C

for at most 4 h, and then stored at —80 °C for at most 1 week,
at which point TAG was extracted twice and biochemically ana-
lyzed [27-29]. Based on lipid analysis, values of 85 and 77 'H’s
per TAG molecule were used for the MRS wild type and mutant
MRS TAG calculations, respectively [20]. The ex vivo spectra
were collected over a 2-month period. Three serial repetitions
were acquired from three samples to verify the reproducibility
and precision results obtained from the phantoms.

2.3. Localized magnetic resonance spectroscopy

The MR scanner consisted of an Oxford Instruments’
(Oxford, UK) 200/400 (4.7-T = Bo: 200 MHz, 40-cm clear bore)
magnet, a 10-cm inner diameter actively shielded Magnex
(Oxford, UK) gradient coil (~60G/cm, ~200 s rise time),
Crown/Techron (Elkhart, IN, USA) gradient power supplies, a
Stark Contrast (Erlangen, Germany) 2.5 cm birdcage coil, and
a Varian NMR Systems (Palo Alto, CA, USA) UNITY-INOVA
console.

The pulse sequence, which employs frequency offset cor-
rected inversion (FOCI) pulses, is depicted in Fig. 1. A more
detailed technical description of the LMRS protocol, includ-
ing the LASER-FOCI sequence, acquisition parameters, and
post-processing is in Appendix I of the supplementary material.
Generally, phantom spectra were acquired partially relaxed at
a single T, point (30 ms) and ex vivo spectra were acquired
essentially fully relaxed at two T, points (30 and 55 ms). The
post-processing was straightforward and consisted of zero-
filling, apodization, Fourier transforming, manual zero-order
phasing, and, finally, macro-driven automatic integration.

3. Results
3.1. Pulse sequence/gradients/localization

To minimize spectral distortions, the protocol requires opti-
mized gradient and sequence parameters (Appendix I), such that
simple alternation of the gradient polarity on every scan effec-
tively eliminates modulations from acoustic ringing [30]. As can
be seen in Fig. 2, the gradient acoustic ringing induced signals
are not perfectly cancelled by alternating the gradient polarity
(top spectrum), but their intensity is reduced by a factor of 10.
Overall, alternating the gradient polarity decreases the artifacts
to below 1% that of the average TAG resonance for a 30 ms 7.

Once spectral distortions are eliminated, the accuracy and
specificity of localization are ultimately characterized by the
amount of outer volume (OV) contamination. The three main
sources of OV contamination are chemical shift displacement,
non-ideal m-pulse refocusing characteristics, and non-ideal
pulse spatial profiles. The large bandwidth, sharp frequency tran-
sition, and generally excellent inversion profile of the FOCI
pulses, along with alternating gradients, phase cycling, and
crushers, minimize this contamination. A plot of the cube-root
of the voxel volume versus the cube-root of the integrated area
for effective bandwidths between 4 and 20k has slope of 1.013,
intercept of —0.03, and a Pearson product-moment correla-
tion (PPMC) of 0.999. This correlation demonstrates the overall
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Fig. 1. The LASER-FOCI pulse sequence. The r.f. and gradient waveforms are generated according to Eqs. (A1)—(AS) of the supplementary material. The parameter

Echo defines the time between the gradients being off and data acquisition.

excellent accuracy and robustness of the localization. However,
the 1.013 slope and minor differences between the 4k and higher
bandwidth data sets are consistent with a small amount of OV
contamination [16,31,32].

Fig. 3 shows spectra from a voxel that was placed inside
of an empty tube, and demonstrates the absolute accuracy of
localization, which is about 0.2 mm based on the signal present
following incremental increases in the size of the “empty” voxel.
Thus, to minimize partial/outer volume contamination, as in the
top spectrum of Fig. 3, the volume of interest (VOI) should be
kept 0.2 mm away from regions that are not of interest.

3.2. Relaxation

The propagation of errors analysis in Appendix II of the
supplementary material addresses three pertinent LMRS exper-
iments and their requisite relaxation correction: a single-T,
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Fig. 2. Gradient acoustic ringing-induced signals (0.7 [%'H] acetone/H,O
phantom). The bottom and middle spectra were acquired with the LASER-
FOCI protocol except for using only negative and positive gradient polarity,
respectively. The pairs of signals at —200/800, —700/1300, and —1700/2300,
denoted with asterisks, result from a 500 Hz acoustic modulation of the H,O
signal. The top spectrum was acquired with the full protocol, i.e. the gradient
polarity alternates every scan. Gradient power supply signals are also visible in
the expanded =+ spectrum around the acetone resonance at —250 Hz. The num-
bers on the left represent the differences between the LMRS and gravimetric
acetone/H; O ratio.

acquisition and correction via literature-assumed 75 parameters,
similar to our phantom measurements; a two-7, point acquisi-
tion with extrapolation to 7 =0; and, a two-T, point acquisition
with an external reference, which is our ex vivo TAG protocol.
Typical LMRS assays use the first, single-7, method, acquiring
one spectrum and using 7, values from the literature to correct
for relaxation. For this method and 7, parameters taken from
the literature [9], the ex vivo TAG assay would have a CV of
at least 6%. However, because there is minimal loss of preci-
sion with this and other methods if T, < T», this method adds
only 0.7% to the overall CV of the phantom assays where 7> is
long.

The second method estimates 75 values directly and requires
two spectra to be acquired, one at the shortest feasible 7, and
the second at a T¢ that depends on the SNR and 7> values. In
comparison to the first method, the two-7, point extrapolation
method is more precise and, considering potential tissue hetero-
geneity [6,33], more robust. The calculated CV for this type of
ex vivo TAG assay is 4-5%.

The ex vivo protocol of the present work uses an external ref-
erence because void volumes, sample heterogeneity, and D,O
exchange over the time scale of the assay interfere with employ-
ing internal tissue H,O as a reference. This method is a hybrid
of the first two methods and requires a single-7, spectrum of
the reference and two analyte spectra at different 7% ’s. With this
method, the calculated CV for the ex vivo TAG assay is 5.3%.
It should be mentioned that, as a result of By heterogeneity, the
external reference method may not be viable without adiabatic
pulses.

3.3. Linearity

Linearity defines the spectrometer response to changing sig-
nal, which for localized spectroscopy is a function of both voxel
size and concentration. With regard to voxel volume, the vol-
ume/intensity correlation and Fig. 3 suggest that the adiabatic
sequence correctly assays the voxel. With regard to concentra-
tion, the linearity of the MRS response to the number of nuclei
is well documented [34,35]. The LMRS response of the pro-
tocol is the relaxation corrected analyte-to-reference ratio of
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Fig. 3. The image is a spin-echo slice of a phantom composed of tubes of various concentrations of #-butanol in H,O. The spectra to the left were acquired with
the LMRS protocol and localized to the empty voxel. The small signals demonstrate the accuracy and robustness of the adiabatic pulses, in general, and suggest
a localization accuracy of about 0.2 mm (based on small changes to the voxel size). The lower spectrum was acquired with f=1, bw=7.7kHz and no alternating
gradients. The upper spectrum was acquired with f= 13, bw = 1 kHz and alternating gradients. The small gray rectangle to the left of the empty voxel is a representative

voxel for the #-butanol data.

the integrated intensities, So. For the range 0.7-20% populated
with 11 standards, the gravimetric versus LMRS measurement
of the percent 'H in mixtures of r-butanol and H,O has a
slope of 0.993 £0.012, a negligible intercept, and a PPMC of
1.0 (n=63 measurements). For the ex vivo LMRS TAG pro-
tocol versus the enzymatic assay, the slope is 0.96 £ 0.1 with

an intercept of 0.0043 +0.013 and a PPMC of 0.99 (n=17).
All confidence intervals are at the 95% level. The increased
uncertainty in the ex vivo TAG assay compared to the phantom
likely results from both increased line widths and uncertainty
in the lipid extraction and bioassay, which is roughly 10%
[28,29].

Table 1
The essential parameters, limits, protocol value, and CV of the LMRS protocol
Parameter Effect Limits Protocol value (6%
Robustness
Gradients Integration <39 G/cm Alternating ~1%
SlewR Echo, min T, <150k G/(cms) 125k
Echo Integration >1.75ms 2.5ms
pwxy Min T, SS, SNR >2.25ms 3.25ms
B) 1 Min Te, SNR +1kHz 3.0kHz <0.1%
B 4 SNR +500 Hz 4.17kHz <0.2%
pos SNR 90% of center <0.2%
Selectivity
tcrushn oV, T, >200 ps 300 ps
gerushn oV, T, 8<x<24 24y, 20y, 16,
Effective bw (f - bw) SS >12k >12k
FWHM (H,0) CS <40Hz
vox (1 dimension) SNR, SS >0.5 mm >0.8 mm <0.1%
Precision
Line broadening CS, SNR 5-15Hz 5 Hz Gaussian
Scans (NT) SNR, integration >32 32, 128, 256
SNR Integration >30 ~75 <1%
Accuracy
T. SNR, CS, RC, S.Er >28 ms 30, 55 ms
tof +100Hz 3 ppm <0.5%
Excitation pulse SNR, Tr Adiabatic/hard 90° hard 0.7%
Phasing Integration <0.2%
H,O integration >+20 FWHM Auto <1%
t-Butanol integration +10 FWHM Auto 1.5%
TAG integration 0.6-1.9 ppm Auto 2%
Tr TAG ~95% relaxed 4s <0.5%
Tr standard ~50% relaxed, S.Er 15s 1%

S.Er: systematic error (bias); CS: chemical selectivity; SS: spatial selectivity; RC: T, relaxation correction; auto refers to the macro-driven automatic integration.

See Appendix I in the supplementary material for parameter definitions.
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3.4. Robustness/ruggedness

The robustness and ruggedness of the assay characterizes
the general dependence of the CV on reasonable parameter
changes including those of the spectrometer and operator. Based
on phantom measurements, Table 1 lists the main parameters,
their primary impact, limits, protocol value, and CV when appli-
cable. These parameter CV’s, CV,,, were estimated by varying
the applicable parameter(s) within the prescribed limits and sub-
tracting a base CV of 2% from the observed CV, CV s, Eq.
(1). The measured quantity was the analyte-to-reference ratio,
S, and 2% is the average CV of S, CVg, from all the phantom
measurements in the primary study

CVp = 1/CV2,, —0.02 (1

For example, the gradient CV represents the variation in S as
a result of varying Echo, SlewR, and gcrushn within their pre-
scribed limits. The parameters are grouped into the categories
which they affect the most, but most parameters have multi-
ple effects. Operator and spectrometer dependencies were not
specifically investigated, but the parameter variations are repre-
sentative of changing operators.

For LMRS, robustness primarily pertains to localization,
acquisition, processing, and sample. The localization itself is
spatially very robust, and changing the position or size of the
voxel does not affect CVg. Only with parameters outside the
protocol limits, or with extremely poor shimming, can signals
originating from regions external to the VOI be observed. As for
acquisition and processing, the CV’s and limits of the parame-
ters generally suggest a very robust assay. The main detractor
is the strong dependence of the assay CV on the minimum 7,
which is spectrometer specific and for which the effect can be
estimated via the relaxation analysis.

Concerning the ex vivo samples, the assay is robust as long as
the H,O 'H line width is below 40 Hz. CV g deteriorates quickly
as the full width at half maximum (FWHM) exceeds 40 Hz,
a limit that is directly proportional to By. Additionally, Fig. 4
indicates that the assay is relatively independent of the tem-

ppm ppm

Fig.4. LASER-FOCI spectra of ex vivo mouse hearts taken at 20 °C immediately
after excision (left) and after equilibrating at 35°C for 1h (right). The TAG
resonance at ~1 ppm is only 0.5% smaller on the right.

perature and time at which the fixed myocardium assay occurs,
though an elevated temperature is preferable due to the decreased
line width. However, significant TAG decomposition (10%) does
occur with ex vivo myocardium after 4 h at 35 °C.

3.5. Selectivity/specificity

The assay does not distinguish between intra- (IMCL,
1.3 ppm) or extra-myocellular (EMCL, 1.4 ppm) TAG, nor the
various species of fatty acids [2,3,9]. Thus, assuming that the
VOI can always be located 0.2 mm from non-targeted tissue
regions, the selectivity and specificity of the TAG assay reduce
to registering all the TAG and to discerning the alkyl and methyl
resonances of TAG from those of the vast number of other
species, which are roughly 1% that of TAG [9,36]. The LMRS
versus enzymatic intercept of 0.004 suggests that other reso-
nances are indeed unimportant. Based on the corresponding
slope, though, there are discrepancies with the bioassay.

3.6. Reproducibility/repeatability

Reproducibility was verified by repeated phantom acquisi-
tions over a period of 6 months, with an overall CVg of 2%.
Serially repeated acquisitions would typically yield a CVyg of
less than 1.5%. Similarly, serially repeated acquisitions of ex
vivo samples had a CVy of 2%.

4. Discussion
4.1. Pulse sequence/gradients/localization

The general characteristics of the alternating gradient-
polarity LASER-FOCI sequence (minimal calibration, insen-
sitivity to r.f.-magnetic field (B1) inhomogeneities and acoustic
noise, large bandwidths, and sharp frequency transitions) pro-
vide an accurate, robust, and clinically accessible assay by
minimizing operator, sample, and spectrometer dependencies.
Additionally, the increased SNR [24] that results from the excel-
lent inversion profile of the FOCI pulses compensates for much
of the accuracy that is lost as a result of the longer 7.’s and larger
relaxation correction.

4.2. Relaxation

Although a limit-based error analysis of the relaxation cor-
rection has been published [37], many studies report CV’s based
only on repeated acquisitions and do not include the uncertainty
of the T, correction [5,8,9,12]. For species with comparatively
long T3’s, such as brain metabolites, the additional uncertainty
is minor. For short-T, TAG assays using literature 7, values, the
correction adds approximately 4% to the base CV, but it becomes
more significant with increasing 7, [38]. The simple propaga-
tion of errors analysis presented in Appendix II provides an easy
transfer from measured CV to the assay CV. It also gives insight
into optimal experiment design [39—41].

It should also be noted that, though a reasonable first approx-
imation at short 7 values, the relaxation profiles for lipids and
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Fig. 5. LASER-FOCI ex vivo myocardium TAG resonance with 7. =30ms
(black) and 75 ms (gray).

intercellular H>O are not purely exponential. Considering the
range from 0.6 to 1.9 ppm, which includes both CH; and CH3
moieties and both IMCL and EMCL lipid, this approximation is
obviously inaccurate, as the T.-dependent line shape shown in
Fig. 5 demonstrates. The exponential approximation to the relax-
ation correction will result in a systematic error and decreased
precision, but for short 7¢’s and a relatively narrow distribution
of T,’s this error is minor compared to other uncertainties.

4.3. Selectivity/specificity

The discrepancy with the bioassay (slope =0.96) may result
from some TAG being immobile and thus “MR invisible” [3].
Although there are undoubtedly some alkyl and methyl TAG
moieties that are not reporting, the similarity between ambient
and elevated temperature spectra shown in Fig. 4 suggests that
the immobile, non-reporting fraction is small. On the other hand,
the enzymatic bioassay is not explicitly specific for TAG, and
could be counting phospholipids, which account for 5-7% of
the lipid pool [42,43]. The 'H/TAG ratio or a systematic error
from the relaxation correction could also cause the discrepancy.
It should also be noted that the heterogeneous relaxation biases
the TAG morphological specificity, Fig. 5, and has been used to
separate the IMCL and EMCL resonances [3,38].

4.4. Precision

Precision is a measure of the overall variability of an assay.
For LMRS, the precision can be divided into spatial, relaxation,
and integration components, of which the spatial and relaxation
have already been discussed. Because phasing of the complex
data is straight forward in echo spectroscopy, the integration
component of the assay primarily depends on baseline distor-
tions and line width, of which major baseline distortions are
minimized by alternating the gradient polarity. More general
baseline and integration-limit problems stem from the merging
of relatively broad line shapes that result from the inhomoge-
neous By and large reference-to-analyte ratios.

The phantom resonances have relatively narrow line widths
and require minimal relaxation corrections. Thus, they allow the
inherent loss of precision from the above factors to be estimated.
For the phantoms, and based on serially repeated processing, the
macro-driven integration of the H,O ' resonance has a CV less
than 1.0% once the limits are greater than =220 FWHM. For the

t-butanol resonance, the limits that result in the smallest CV
are smaller (10 FWHM), and the CV for the integration is
roughly 1.5%. The smaller limits result from the ¢-butanol reso-
nance residing on a wing of the H,O resonance, making baseline
determination more difficult. These CV’s are not concentration-
dependent within the range studied (PPMC = —0.12). Consistent
with these values CVg ~ 2% and, with the relaxation correction,
the CV for the #-butanol assay should be 2.6%, which represents
the optimal for this protocol and spectrometer. Experimentally,
the #-butanol CV for the relative difference between the predicted
and gravimetric is 2.9%.

For the ex vivo TAG assay, the broad, multi-component res-
onance further exasperates definition of appropriate integration
limits. Choosing an integration limit of 1.9 ppm, as opposed
to 2.5 which would include the functionalized CHj;’s, yields
the most consistent results. Again, the smaller limits probably
better approximate a straight baseline. The low frequency inte-
gration limit enclosing the methyl resonances is clear, though
some intensity is undoubtedly missed as a result of the broad line
width. For TAG, small variations of these limits and serial acqui-
sitions suggest that the CV for the resonance area is 2%. Incor-
porating the hybrid relaxation correction, CV for the TAG assay
should be around 5.3%, which is consistent with the 95% confi-
dence level of the slope in the LMRS versus bioassay analysis.

4.5. Accuracy

The accuracy of the assay is defined as [35]:

accuracy = \/ CV? + bias? 2)

where bias is the difference between the slope of the experimen-
tally determined correlation and an ideal slope of 1, true versus
measured. Based on the phantoms, the accuracy for the basic
LASER-FOCI protocol is 2.9%. For the ex vivo myocardium
TAG assay with a CV of 5.3%, the accuracy of the protocol is
6.4%, which may be reduced by using a longer T¢,.

Validation studies presenting both the precision and accu-
racy of an LMRS assay are rare, especially if these aspects of
the localization are also considered. For comparison, CV’s from
repeated bulk phantom measurements, which do not address
localization, typically range between 2 and 4% [13-15], with
accuracies around 6% [13]. This accuracy would deteriorate
rapidly if localization became critical because OV contamina-
tion can be high [32,44]. Considering the excellent localization
properties of the LASER-FOCI sequence [24], as confirmed
herein, the phantom results of the protocol compare well with
other assays. Yet, the LMRS protocol is roughly three times
less accurate than high-resolution, non-localized MRS assays
[34,35]. Though some decrease in accuracy results from low
analyte-to-reference ratios, it is primarily attributable to larger
line widths and gradient-induced spectral noise, as is well
known. Alternating the gradient polarity greatly decreases this
noise for short-T; protocols.

Concerning TAG MRS-to-biochemical comparisons, both an
ex vivo, non-localized, high-resolution MRS study [45], which
used an external standard, and several in vivo LMRS studies (fol-
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lowed by biopsies) [9,46], which were based on internal tissue
H»O, report +0.9 correlations with slopes around 1. However,
one report failed to show a correlation [47]. Typically, the LMRS
assays report CV’s from 6 to 10% based on repeated acquisitions
[48,49] and do not directly address uncertainties involved with
localization or relaxation. The LASER-FOCI based LMRS TAG
protocol presented here has a comparable CV, but with the addi-
tion of incorporating most of the experimental uncertainties and
verifying the quality of localization.

5. Conclusion

The protocol based on the LASER-FOCI sequence has pre-
cise localization, minimal operator intervention, and simple data
processing, all of which serve to minimize the measurement
uncertainty and maximize robustness. Based on the #-butanol
results, the benchmark accuracy of the LASER-FOCI protocol
is about 3%, which is roughly three times worse than that of tra-
ditional, non-localized analytical MRS. As a result of increased
uncertainty due to relaxation and increased bias, the accuracy
decreases to 6% for the ex vivo TAG assay. A two-T, point assay
would slightly increase the accuracy and potentially increase the
robustness, too. These results place lower limits on the uncer-
tainty of LMRS myocardial TAG analysis in vivo, where the
challenges of cardiac motion and patient compliance will further
degrade the assay. Finally, the ex vivo LMRS assay takes roughly
0.5 h per sample; requires no solvents and little preparation time;
and, has an accuracy well below the FDA recommendation of
15%. Thus, it or similar MRS-based assays are attractive alter-
natives to biochemical methods [29,47,50].
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