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 Abnormal levels of blood lipids, such as high concentra-
tions of LDL cholesterol (LDL-C) and low concentrations 
of HDL cholesterol (HDL-C), increase the risk of CVD, 
the fi rst cause of death in developed countries ( 1 ). Ac-
cordingly, the European Atherosclerosis and Cardiology 
Societies and the National Cholesterol Education Pro-
gram, through their third report of the Adult Treatment 
Panel, established LDL-C and nonHDL-C as the primary 
and secondary target, respectively, of cholesterol-lowering 
therapy to reduce cardiovascular risk ( 2 ). LDL-C-lowering 
therapy has been shown to reduce the rate of cardiovascu-
lar events in patients with or without cardiometabolic risk 
(CMR) ( 3, 4 ). However, a large proportion of patients un-
der treatment, as well as undiagnosed individuals, may suf-
fer cardiovascular events despite showing normal LDL-C 
levels. Cardiovascular events are more likely to occur in 
patients with diabetes and metabolic syndrome. These pa-
thologies share a common phenotype characterized by a 
high content of triglycerides, a preponderance of small 
dense LDL particles, and low HDL levels. In individuals 
with this particular phenotype, LDL-C has been shown to 
be a poor predictor of cardiovascular risk, so standard 
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the guidelines used to manage CMR based on the evidence 
collected from 25 clinical studies ( 14 ). 

 Despite these advances, there is still some controversy 
about the introduction of NMR-based ALTs into clinical 
practice, partly due to the fact that current methods do 
not provide a direct measure of lipoprotein sizes. As an 
alternative to current NMR methods, here we present the 
Liposcale test, a novel method for characterizing lipopro-
tein particles based on 2D diffusion-ordered  1 H NMR 
spectroscopy (DOSY). DOSY allows measuring the diffu-
sion coeffi cients and directly calculating lipoprotein sizes 
through the Stokes-Einstein equation ( 15 ). It is notewor-
thy that a direct measure of lipoprotein sizes is of particu-
lar importance because they are used to compute 
lipoprotein particle numbers by dividing the spatial vol-
ume of the total lipid molecules by the mean volume (i.e., 
size) of the lipoprotein particles. Our rationale is that us-
ing DOSY to directly calculate lipoprotein sizes should 
yield more accurate measurements of lipoprotein particle 
numbers than current NMR-based ALT methods. To de-
velop our new DOSY-based ALT, we used a cohort of 177 
healthy individuals and then we compared the lipoprotein 
particle numbers obtained using the Liposcale test with 
those obtained using the FDA-cleared ALT commercial-
ized by Liposcience. Finally, we applied the Liposcale test 
to characterize a second cohort of 307 type 2 diabetic 
(T2DM) patients with and without atherogenic dyslipid-
emia (AD). Our results demonstrate that our methodol-
ogy can be applied to study samples with aberrant lipid 
and lipoprotein concentrations and can add insight into 
the understanding of metabolic diseases. 

 MATERIALS AND METHODS 

 Study subjects 
 We used samples from the VITAGE project to develop the 

Liposcale test ( 16 ). Briefly, 177 healthy nonsmoking men 
(0 cigarettes/day for >6 months) were enrolled in Clermont-Ferrand 
(France) and Reus (Spain). Exclusion criteria were familial hy-
percholesterolemia, chronic diseases (including diabetes, can-
cer, cardiac insuffi ciency, infl ammatory diseases, and unstable 
hypertension), or alcohol abuse. Mean age was 45.8 ± 15.5 years, 
including a minimum age of 19 years and a maximum age of 75 
years. Fasting venous blood samples were collected in EDTA 
tubes and centrifuged immediately for 15 min at 4°C at 1,500  g . 
Plasma samples were then kept at  � 80°C until further analysis. 
The ethics committee of the two recruiting centers approved the 
study protocol, and written informed consent was obtained from 
all volunteers. 

 We used a second cohort to validate the results provided by 
the Liposcale test. Eligible participants were 307 T2DM men and 
women, ranging from 30 to 80 years of age, with (n = 91) or with-
out (n = 216) AD. AD was defi ned as having triglyceride levels 
over 150 mg/dl and HDL-C levels under 40 mg/dl (men) or 
50 mg/dl (women). Exclusion criteria were the presence of CVD 
and chronic hepatic or renal alterations. Patients under lipid-
lowering medication entered a wash-out period of 4 weeks. Sam-
ples were kept at  � 80°C until NMR analysis. The study protocol 
was also approved by the ethics committee of the participating 
institution. 

lipid panels that measure the cholesterol or triglyceride 
content of lipoproteins seem to be insuffi cient to predict 
risk of CVD. To fi ll this gap, advanced lipoprotein tests 
(ALTs) ( 5 ) that allow for an extensive characterization of 
lipoprotein particles through a range of additional param-
eters, such as size and particle number, have been pro-
posed for improving assessment of risk of CVD and for 
guiding lipid-lowering therapies ( 6 ). 

 NMR spectroscopy is a technique that enables analysis 
of lipoprotein particles ( 5 ). Briefl y, depending on the size 
of the particle, the methyl moieties of the lipids in lipopro-
tein particles resonate at slightly different frequencies, the 
smaller particles resonating at lower frequencies. There-
fore lipoproteins can be quantifi ed either by decomposing 
the methyl signal of the core lipids into individual signals 
( 7, 8 ) or using statistical methods on the entire methyl 
envelope to estimate lipid concentrations ( 9 ). Currently 
three methodologies use NMR to characterize lipoprotein 
particles. The method described by Jeyarajah, Cromwell, 
and Otvos ( 7 ) provides the size and particle number of the 
main lipoprotein classes (i.e., VLDL, LDL, and HDL) and 
the particle number of nine lipoprotein subclasses. This 
method is built on a library of 1D NMR spectra from previ-
ously isolated lipoprotein fractions and on an algorithm 
that fi ts their NMR methyl signal with those of lipopro-
teins from serum or plasma samples. The particle sizes 
of the isolated lipoprotein fractions were determined by 
transmission electron microscopy and gradient gel elec-
trophoresis. A second method described by Kaess et al. ( 8 ) 
characterizes fi fteen lipoprotein subclasses measuring the 
samples by magnetic fi eld gradient intensities and temper-
atures. The latter NMR methodology was reported by Ala-
Korpela and colleagues ( 9 ), and it estimates lipid content, 
size, and particle numbers of the main lipoprotein classes, 
as well as the particle numbers of fourteen lipoprotein 
subclasses based on regression models calibrated using the 
lipid content and size obtained by high performance liq-
uid chromatography. 

 NMR-based ALTs have demonstrated that LDL and HDL 
particle numbers (LDL-P and HDL-P) are more powerful 
than classical cholesterol markers as indices of cardiovascular 
risk ( 10 ). For instance, LDL-P better indicated atheroscle-
rotic risk than LDL-C in individuals with discordant LDL-P 
and LDL-C levels ( 11 ). This discordance is usually explained 
based on the large variability in the amount of cholesterol 
per LDL particle and to differences in LDL particle size. In 
another study, HDL-P, but not HDL-C, was inversely associ-
ated with carotid intima-media thickness after adjusting for 
covariates ( 12 ). Moreover, the use of NMR-derived lipopro-
tein subclasses improved risk stratifi cation for subclinical 
atherosclerosis in comparison to conventional lipids ( 13 ). 
Altogether, these and other evidence have precipitated two 
signifi cant events:  1 ) the 510(k) clearance from the US Food 
and Drug Administration (FDA) to market the Vantera   ®    
Clinical Analyzer commercialized by Liposcience, the fi rst 
NMR-based diagnostic platform that determines LDL-P; and 
 2 ) the recommendation from the American Association for 
Clinical Chemistry   Lipoprotein and Vascular Diseases Divi-
sion Working Group on Best Practices to include LDL-P in 
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NMR lipoprotein particle sizes by their fractional particle con-
centration relative to the total particle concentration of a given 
class  : 
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( Eq. 1 )  

 where  A i   and  d i   are the area (au) and diameter (nm) of a given 
lipoprotein particle  i . The particle numbers of each lipoprotein 
main fraction were calculated by dividing the lipid volume by the 
particle volume of a given class. The lipid volumes were deter-
mined by using common conversion factors to convert concen-
tration units obtained from the PLS models into volume units 
( 7 ). The relative areas of the lipoprotein components used to 
decompose the 2D spectra were used to derive the particle num-
bers of the nine lipoprotein subclasses. 

 Spiking experiments 
 We performed spiking experiments to validate the grouping 

of the NMR functions. Serum samples were obtained from 
three volunteers. Lipoprotein fractions (VLDL, LDL, and HDL) 
were obtained by sequential ultra-centrifugation as described 
above. Then, serum samples were spiked with the lipoprotein 
fractions from the same subjects one by one. A serum sample 
made up with buffer to equal volumes as the spiked samples was 
also analyzed. 

 Analytical performance 
 The analytical performance of the Liposcale test involved blood 

samples from two volunteers. Briefl y, fasting venous blood samples 
were collected in EDTA tubes and centrifuged immediately for 
15 min at 4°C at 1,500  g . Then, fi ve aliquots were obtained for each 
subject and kept at  � 80°C until the NMR analysis. The within-assay 
precision of the method was studied based on the analyses of the 
fi ve aliquots of the two subjects in the same day, while the inter-
assay precision was based on the analyses of the fi ve aliquots of 
the two subjects through three consecutive days. 

 Statistical analyses 
 The Bland-Altman plot was used to measure the agreement 

between both NMR techniques in assessing particle sizes and 
numbers ( 20 ). This plot uses the differences between observa-
tions made by the two methods on the same subjects and it ana-
lyzes the agreement between two methods in terms of bias and 
precision. When there is a relationship between difference and 
magnitude, the standard Bland-Altman analysis can be extended 
either with a logarithmic transformation approach or a more 
general regression approach. As a measure of agreement, we cal-
culated the percentage error (PE) between both techniques, as 
described previously ( 21 ): 

 Lipid and lipoprotein measurements 
 Lipoproteins were separated by sequential preparative ultra-

centrifugation, using a Kontron 45.6 fixed-angle rotor in a 
Centrikon 75 (Kontron Instruments, Italy). The lipoprotein 
fractions isolated were VLDL (d < 1.006 g/ml), IDL (d = 1.006–
1.019 g/ml), LDL (d = 1.019–1.063 g/ml), and HDL (d = 
1.063–1.21 g/ml). Their cholesterol and triglyceride content 
was quantifi ed using standard enzymatic assays adapted to the 
Cobas-Mira-Plus autoanalyzer (SPINREACT S.A.U., Spain) 
( 17 ). The concentration of ApoB100 and ApoA1 in the ultra-
centrifuged fractions was also quantifi ed using an immunotur-
bidimetric assay adapted to the Cobas-Mira-Plus auto-analyzer 
(SPINREACT S.A.U.). The assay and the value of the calibrator 
concentration were standardized against the Certifi ed Refer-
ence Material ApoA1 WHO/IFCC SP1-01 and ApoB100 WHO/
IFCC SP3-07. Plasma samples were also analyzed by Liposcience 
(Raleigh, NC) to obtain reference values of VLDL, LDL, and 
HDL sizes and particle numbers ( 7 ). 

 Advanced lipoprotein testing using DOSY 
 2D DOSY.   Plasma samples were analyzed by NMR spectros-

copy using a modifi ed existing protocol ( 18 ). Briefl y,  1 H NMR 
spectra were recorded on a BrukerAvance III 600 spectrometer, 
operating at a proton frequency of 600.20 MHz (14.1 T), at 310 K. 
We used the double stimulated echo pulse program with bi-
polar gradient pulses and a longitudinal eddy current delay. 
The relaxation delay was 2 s, the fi nite impulse decays were 
collected into 64,000   complex data points and 32 scans were 
acquired on each sample. The gradient pulse strength was in-
creased from 5 to 95% of the maximum strength of 53.5 Gauss cm  � 1  
in 32 steps. The squared gradient pulse strength was linearly 
distributed. 

 Surface fi tting.   The methyl signal was surface fi tted using a 
previously reported procedure ( 18 ). The number of functions 
was increased to account for the nine lipoprotein subclasses. The 
uniqueness of the solutions was studied by fi tting each sample 10 
times with randomly chosen initial values of the signal intensities. 
As a result, we obtained unique solutions for all samples after 10 
runs. Normalized root mean square errors of the fi ttings were 
calculated as previously described ( 18 ). The initial values of the 
signal intensities were taken to be the mean solution values of all 
samples. 

 Prediction of lipid concentration.   Partial least squares (PLS) 
regression models were calibrated to predict the cholesterol and 
triglyceride concentration of the main lipoprotein fractions 
(VLDL, LDL, and HDL). Validation performance of the PLS 
models were assessed by venetian blinds cross-validation splitting 
the data 10 times. Coeffi cients of determination between the pre-
dicted and reference concentrations ranged from 0.79 to 0.98 in 
the calibration step. The coeffi cients of determination of the vali-
dation step ranged from 0.81 to 0.98 and are in the range of 
other reported studies ( 19 ). 

 Lipoprotein sizing and particle number determination.   The 
NMR functions were associated with a given lipoprotein class 
(VLDL, LDL, or HDL) according to their associated NMR size. The 
main lipoprotein fractions were defi ned as VLDL (38.6–81.9 nm), 
LDL (18.9–26.5 nm), and HDL (7.8–11.5 nm). The mean parti-
cle size of every main fraction (VLDL, LDL, and HDL) was de-
rived by averaging the NMR area of each fraction by its associated 
size. To obtain particle-weighted lipoprotein sizes, each NMR 
area was divided by its associated volume. Then a mean particle 
size was obtained for each lipoprotein class by multiplying the 
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 RESULTS 

 Assignment of DOSY NMR functions to the main 
lipoprotein classes 

 The Liposcale test provides lipid concentrations (i.e., 
triglycerides and cholesterol), sizes, and particle numbers 
for VLDL, LDL, and HDL classes, as well as the particle 
numbers of nine subclasses, namely large, medium, and 
small VLDL, LDL, and HDL, respectively.   Figure 1   pro-
vides an overview of the Liposcale test showing the most 
important processes on which the characterization of lipo-
protein classes is based.  The use of the diffusion dimension 

   
2 2
new oldPE CV CV  (%)= +    ( Eq. 2 ) 

 where the coeffi cient of variation (CV) [CV (%) = ( � / � ) × 100] 
is defi ned as the ratio of the standard deviation  �  to the mean  �  
of the population  . 

 We also defi ned a maximum PE by using the CV of the old 
method twice in equation 2. 

 Spearman analysis was used to assess the relationship between 
continuous variables. All the analyses were performed with MAT-
LAB version 7.10.0.499 R2010a (MathWorks). PLS and principal 
component analysis (PCA) models were built using PLS Toolbox 
(Eigenvector Research). 

  Fig.   1.  Overview of the Liposcale test. A: Experimental DOSY spectra. Seven gradients out of 32 total are 
shown for visualization purposes. The fi rst gradient has been fi lled in black to show the NMR regions of the 
spectra that are used to calibrate and predict cholesterol and triglyceride concentrations using PLS regres-
sion. In red, we show the attenuation of the methyl NMR signal along the gradient axis to show the region 
used to characterize the different lipoprotein subclasses. B: Surface fi tting process for a given subject. The 
experimental attenuation of the methyl NMR signal (left) and the nine NMR functions used to fi t the experi-
mental surface (right). C: Using this methodology, we can elucidate nine lipoprotein subclasses, namely 
large, medium, and small VLDL, LDL, and HDL.   
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 Correlation between lipoprotein particle numbers and 
apolipoprotein concentrations 

 Next, we explored the degree of correlation between 
the VLDL-, LDL-, and HDL-Ps calculated using the Lipo-
scale and the LipoProfi le   ®    tests, and the apoliproprotein 
content of each lipoprotein class, because the apolipopro-
tein concentrations in each class can serve as a surro-
gate of the number of particles.   Figure 3A   shows a strong 

represents the main difference between our approach 
and the NMR-based platform commercialized by Liposci-
ence. The Liposcale test uses 2D spectra from DOSY 
experiments ( Fig. 1A ) to decompose the (CH 3 ) proton 
resonances of the lipids in lipoprotein particles into nine 
Lorentzian functions (i.e., F1 to F9) ( Fig. 1B ). Of note, the 
cholesterol esters and triglycerides in the particle core 
contribute with three methyl groups each ( 5 ) and thus the 
total amount of all the methyl groups is mostly dependent 
on particle size (see Discussion). 

 This approach largely prevents multiple solutions and, 
consequently, enhances robustness of the measurements. 
Indeed, we obtained an average normalized root mean 
square error for the surface fi ttings of less than 1.85% (see 
the Materials and Methods for details), which indicates 
that our deconvolution is highly reproducible. According 
to the Einstein-Stokes equation, the larger the diffusion 
coeffi cient, the smaller the size of a given lipoprotein par-
ticle will be. Thus, we associated the nine NMR functions 
with the three main lipoprotein classes based on their de-
scribed size ranges ( Fig. 1C ) ( 22 ): F1 to F3 (38.6–81.9 nm) 
were associated with the VLDL particles, functions F4 to 
F6 (18.9–26.5 nm) with the LDL particles, and functions 
F7 to F9 (7.8–11.5 nm) with the HDL particles. These as-
sociations were validated using spike-in experiments. We 
isolated VLDL, LDL, and HDL particles from serum sam-
ples of three volunteers by ultracentrifugation (see the 
Materials and Methods for details), and each isolated lipo-
protein fraction was mixed one by one with the serum 
sample of the same individual.   Figure 2   shows the average 
relative change of every lipoprotein class in serum, repre-
sented as the total NMR area corresponding to VLDL (i.e., 
F1 to F3), LDL (F4 to F6), and HDL (F7 to F9) particles by 
applying our surface-fi tting algorithm.  Our results indi-
cate that only the area of the lipoprotein fraction that has 
been spiked-in shows a substantial increment, demon-
strating that our NMR functions are correctly assigned to 
VLDL, LDL, and HDL particles. 

  Fig.   2.  Spike-in experiments with isolated VLDL, LDL, and HDL 
particles in serum samples. Mean relative changes in the total area 
under the NMR functions for each lipoprotein class (VLDL = F1 + 
F2 + F3, LDL = F4 + F5 + F6, and HDL = F7 + F8 + F9). Each color 
represents spiked serum samples either with isolated VLDL, LDL, 
or HDL fractions.   

  Fig.   3.  Regression analyses that examine the relationship among 
lipoprotein particle numbers using the Liposcale and LipoProfi le ®  
tests, and the apolipoprotein concentrations of VLDL (A), LDL 
(B), and HDL (C) particles.   
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ratio and the correlations between LDL-ApoB and LDL-P 
values determined by the two techniques were evaluated 
(see supplementary Fig. 1). The correlation coeffi cients 
between LDL-P determined via the Liposcale test and its 
respective apolipoprotein concentration increased across 
tertiles (0.84, 0.86, and 088, respectively), while the Lipo-
Profi le   ®    test showed decreasing correlation coeffi cients 
across tertiles (0.83, 0.79, and 0.76, respectively). 

 LDL particle size and number agreement between the 
Liposcale and the LipoProfi le ®  NMR tests 

 LDL-P is the most validated and clinically useful param-
eter that ALTs can determine. In this regard, three con-
sensus reports ( 3, 23, 24 ) have all recommended that 
ApoB and/or measurements of LDL-P shall be incorpo-
rated into existing consensus guidelines for advanced 
CMR management. Thus, here we measured the agree-
ment between our 2D-NMR test (i.e., Liposcale) and the 
1D-NMR test (i.e., LipoProfi le   ®   ) (see   Fig. 4A, B  ).  From the 
VITAGE cohort, the mean LDL-size and LDL-P were 

positive linear relationship between the concentration of 
VLDL-ApoB determined using biochemical methods and 
the VLDL-P values determined using the Liposcale test ( r  
= 0.91) and the LipoProfi le   ®    test ( r  = 0.75).  Similarly, the 
correlation coeffi cients between LDL-P determined via 
the Liposcale and LipoProfi le   ®    tests and their respective 
apolipoprotein concentration were 0.82 and 0.78, respec-
tively ( Fig. 3B ). Finally, the correlation coeffi cients be-
tween HDL-P and HDL-ApoA were 0.65 for the Liposcale 
test and 0.60 for the LipoProfi le   ®    test ( Fig. 3C ). Thus, the 
Liposcale test showed a stronger correlation between lipo-
protein particle number and apolipoprotein concentra-
tion than the FDA-cleared NMR method that we took as 
the benchmark for the measurement of the number of 
particles in each lipoprotein class. 

 Finally, we evaluated the effects of different proportions 
of triglycerides and cholesterol concentrations within the 
LDL lipoprotein particles on the correlations between 
LDL-ApoB measures and LDL-P concentrations. Subjects 
were divided into tertiles of the LDL-triglyceride to LDL-C 

  Fig.   4.  Bland-Altman analyses to measure the agreement between both NMR tests in assessing particle sizes and numbers. Comparison of 
LDL-size (A) and LDL-P (B) as assessed by the Liposcale and the LipoProfi le ®  tests. Comparison of LDL-ApoB concentrations measured 
from isolated LDL fractions using a classical biochemical method and the same concentration estimated using the Liposcale test (C) and 
the LipoProfi le ®  test (D).   
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 � 5%. The inter-assay precision on the same parameters, 
calculated from the same fi ve aliquots run on three con-
secutive days, was  � 8% (see supplementary Tables 1, 2). 
Similarly, the within-assay and inter-assay precision for 
cholesterol and triglyceride concentration, and VLDL- 
and HDL-P, were  � 6%. Finally, both within-assay and in-
ter-assay precision for the mean particle size for every 
lipoprotein class were  � 1%. Overall, the precision values 
of our 2D-NMR method are within the range of those re-
ported by Liposcience Inc. for the LipoProfi le ®  test ( 7 ). 

 Characterization of AD in an independent cohort of 
diabetic patients 

 To demonstrate that the Liposcale test can be used to 
characterize and discriminate individuals with aberrant 
lipid and lipoprotein values, we implemented our 2D-
NMR method on a cohort study of 307 subjects that in-
cluded T2DM patients with (n = 91) and without (n = 216) 
AD. A PCA using the input variables cholesterol and tri-
glyceride concentrations, mean sizes, and mean particle 
numbers of VLDL, LDL, and HDL classes, and particle 
numbers of nine subclasses of lipoproteins, shows two sep-
arate clusters along PC1 (43.81% of the variance) corre-
sponding to the two patient groups, that is, T2DM and 
T2DM with AD (  Fig. 5A  ).  In order to evaluate which are 

20.6 nm and 843 nmol/l using Liposcale, and 21.3 nm and 
1,133.1 nmol/l using LipoProfi le   ®   , respectively. This re-
sults in an average LDL-size and LDL-P difference (i.e., 
bias) between both methods of 0.7 nm and 288.1 nmol/l, 
respectively. We further analyzed the agreement between 
both methods using the Bland-Altman plot. The plot is 
characterized by a proportional bias in the form of a nega-
tive linear relationship between the two methods resulting 
from fewer small LDL particles using the Liposcale test in 
comparison with the LipoProfi le   ®    test  . The logarithmic 
transformation of data did not correct this proportional 
error. Thus, to narrow down the limits of agreement, the 
difference between the methods was regressed on the av-
erage of the two methods ( Fig. 4B ). 

 The CVs of LDL size and LDL-P were 3.14 and 31.0%, 
respectively, using the Liposcale test, and 3.4 and 32.3%, 
respectively, using the LipoProfi le   ®    test. The PE obtained 
between both methods was 4.6% for LDL size and 44.7% 
for LDL-P. In short, we consider that the agreement be-
tween both NMR tests is acceptable based on a PE below 
5% for LDL-size and 50% for LDL-P. 

 The concentration of ApoB100 serves as a reference 
value of LDL-P due to the fact that each LDL particle con-
tains only one molecule of ApoB100. In this regard, some 
authors have suggested that LDL-Ps (nanomoles per liter) 
should be converted to ApoB equivalents (milligrams per 
deciliter) to allow a direct comparison with an established 
biochemical parameter ( 14 ). Thus, to investigate which 
NMR test yielded more accurate LDL-P values, we con-
verted LDL particle concentration (nanomoles per liter) 
into ApoB concentration (milligrams per deciliter) on the 
basis of a molecular mass for ApoB100 of 550 kDa   ( 14 ). 
Once again, we assessed the agreement between the LDL-
ApoB concentrations estimated by the Liposcale and 
LipoProfi le   ®    tests, and the same concentration assayed 
biochemically from LDL fractions isolated by ultracentri-
fugation (see Materials and Methods for details) using the 
Bland-Altman plot. The Bland-Altman analysis revealed a 
mean difference between the LDL-ApoB concentration 
estimated using the LipoProfi le ®  test and biochemical 
methods of 7.4 mg/dl, while for Liposcale this mean dif-
ference was  � 8.5 mg/dl ( Fig. 4C, D ). The CV of LDL-
ApoB concentration biochemically assayed was 26.5%, 
yielding a maximum PE of 40%. LDL-ApoB concentration 
obtained using the Liposcale and the LipoProfi le   ®    tests 
yielded CVs of 31.0 and 32.3%, respectively. Thus, the PE 
between the biochemical assay and Liposcale was 40.8%, 
and 41.8% when comparing with LipoProfi le   ®   . 

 Analytical performance of the Liposcale test 
 Next we assessed the precision of the Liposcale test un-

derstood as the ability of the assay to consistently repro-
duce the same result when different sample aliquots are 
taken from the same specimen. The within-assay precision 
of the method, calculated from the analysis of fi ve differ-
ent aliquots from two different subjects within the same 
day (i.e., n = 10), on the determination of cholesterol and 
triglyceride concentrations, and particle numbers for the 
LDL class and its small, medium, and large subclasses, was 

  Fig.   5.   Scores plot (A) and loadings plot (B) for a PCA model 
built to discriminate between T2DM with and without AD.   
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before. The results of the correlation analysis show a similar 
high degree of correlation between the sum of the concen-
trations of ApoB of the different lipoprotein fractions 
obtained by NMR and the total concentration of ApoB 
obtained biochemically at baseline (supplementary Fig. 3A, 
 r  = 0.83), after the fenofi brate intervention (supplementary 
Fig. 3B,  r  = 0.88), and after the niacin intervention (supple-
mentary Fig. 3C,  r  = 0.89). 

 DISCUSSION 

 The methyl moieties of the lipids in lipoprotein parti-
cles resonate at slightly different frequencies depending 
on the size of the particle, the smaller particles resonating 
at lower frequencies ( 25 ). Though different lipoprotein 
subclasses may in theory be deconvoluted within the 1D-
NMR spectrum according to their chemical shift positions, 
it has proven to be complicated in practice due to signifi -
cant spectral overlap as different lipoprotein subclasses 
contribute to NMR resonance at the same frequency ( 18 ). 
This is of great importance for LDL subclasses, which are 
particularly diffi cult to characterize due to the effect of 
neighboring lipoprotein classes (i.e., VLDL and HDL) 
( 26, 27 ). Moreover, because the cholesterol esters and tri-
glycerides in the particle core contribute with three methyl 
groups each, the total amount of all the methyl groups is 
not affected by variations in core lipid compositions, i.e., 
variations in the cholesterol ester to triglyceride ratio 
driven by the cholesterol ester transfer protein (CETP), 
but is mostly dependent on particle size ( 28 ). Thus, the 
addition of a second dimension in the NMR spectrum by 
means of a diffusion experiment (i.e., DOSY) helps to bet-
ter characterize the different lipoprotein subclasses. DOSY 
allows the separation of the lipoprotein subclasses accord-
ing to their diffusion coeffi cient, and with the use of the 
Stokes-Einstein equation, DOSY NMR yields an objective 
separation of lipoprotein subclasses based on their size 
and favors the uniqueness of mathematical solutions com-
pared with 1D-NMR. 

 In this study we present a novel ALT based on DOSY 
NMR spectroscopy called Liposcale, which has been com-
pared with the established NMR method developed and 
commercialized by Otvos and colleagues and Liposcience 
(i.e., LipoProfi le ® ) ( 7 ), respectively, which has become 
the only FDA-cleared blood test that directly quantifi es 
LDL particles. Our study constitutes the fi rst attempt to 
compare two  1 H NMR methodologies, which is particu-
larly important within the framework of standardized 
ALTs ( 14, 29 ) if LDL-P is intended to be used in cardiovas-
cular risk management. 

 The agreement between the 2D-NMR (Liposcale) and 
1D-NMR (LipoProfi le ® ) methods for measuring LDL-P re-
vealed a linear dependency between the difference and 
the magnitude of the measurements. However, the LDL-
ApoB values obtained using our 2D-NMR method were 
more in conformity with biochemical values than those 
obtained using the FDA-cleared test. This disagreement 
between the two NMR methodologies may come partly 

the main variables responsible for the separation of the 
T2DM patients with and without AD, the resulting load-
ings were visualized in a variables-loading plot ( Fig. 5B ). 
The plot reveals that the triad of AD, namely increased 
blood concentrations of small dense LDL particles, de-
creased HDL particles, and increased triglyceride concen-
tration, contributes to the separation of the two patient 
groups. Importantly, the loadings plot also shows that 
T2DM patients with AD have a smaller number of large 
and medium LDL and HDL particles relative to T2DM pa-
tients without AD. Moreover, patients with T2DM and AD 
have a greater number of total LDL and, in particular, of 
small LDL particles. 

 Considering the fi rst principal component as the output 
of a putative classifi er, we calculated the receiver-operating 
curve (ROC) in order to evaluate the classifi catory power 
of our PCA model. As can be observed in the ROC 
curve depicted in   Fig. 6  ,  our approach showed an area un-
der the curve (AUC) of 0.88, showing an excellent classi-
fication performance to discriminate between T2DM 
patients with and without AD. All together, these results 
demonstrate that the Liposcale test is clinically useful to 
classify individuals showing an abnormal lipid and lipo-
protein pattern that is typical of AD, which has emerged as 
an important risk factor for myocardial infarction and 
CVD. 

 Finally, we validated the correlations between ApoB mea-
sures and lipoprotein particle concentrations at different 
triglyceride to cholesterol ratios on a group of 22 T2DM 
subjects with AD treated for 12 weeks with both fenofi brate 
and/or niacin (see supplementary Table 1) because these 
treatments may change the proportion of triglyceride and 
cholesterol concentrations within the lipoprotein particles. 
In this study, we used the total plasma concentration of 
ApoB as a reference value of total ApoB-containing lipopro-
tein particle concentration. Thus, we summed the particle 
numbers of the VLDL and LDL classes to obtain the total 
ApoB-containing lipoprotein particle numbers and then we 
converted these values into ApoB equivalents as described 

  Fig.   6.  ROC curve evaluating the discriminatory power of the 
PCA model.   
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is minimal. However, in T2DM subjects or patients with 
AD, the concentrations of VLDL-ApoB and IDL-ApoB are 
higher and clinically relevant, and in this case the tech-
nique is very robust. 

 CONCLUSIONS 

 We evaluated a new methodology for quantifying lipo-
protein subclasses based on 2D DOSY, which directly mea-
sures the sizes of lipoprotein particles. This methodology 
can provide the lipid concentration, lipoprotein size, and 
lipoprotein particle numbers of the main fractions and 
subclasses. We found very similar correlations between our 
test and a reference NMR technique, although our de-
rived particle numbers measured yielded higher correla-
tions with external validations, such as the concentration 
of VLDL-ApoB, LDL-ApoB, and HDL-ApoAI. Moreover, 
the characterization of AD on T2DM patients further dem-
onstrated the applicability of our methodology in a popu-
lation with pathological states.  
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