ABSTRACT

JEYARAJAH, ELIAS JOSEPH. Development and Validation of a *H NMR Method for
Lipoprotein Quantification and Coronary Heart Disease Risk Assessment. (Under the
direction of James Dorian Otvos, chair and Edmond F. Bowden, co-chair.)
There is abundant evidence that the subclasses within a given lipoprotein class differ in their
associations with coronary heart disease. Since subclass distributions can vary widely from
person to person, individuals with the same levels of LDL cholesterol and HDL cholesterol
may be at different cardiovascular risk and respond differently to dietary and drug therapy.
Unfortunately, existing laboratory methods of subclass measurement are too time-consuming
and expensive to be used in routine clinical practice. Using a new approach to lipoprotein
analysis that exploits the natural proton NMR spectroscopic differences exhibited by
lipoprotein particles of different size, we have developed a new quantitative NMR
technology for use in clinical laboratory medicine. The newly developed NMR LipoProfile
assay rapidly and simultaneously quantifies the lipoprotein subclass particle concentrations
of 10 lipoprotein species (3 VLDL, IDL, 3 LDL and 3 HDL) with good intraassay and
interassay precision. Extensive validation studies were conducted that established robustness
of the NMR lipoprotein particle assay. The average particle sizes of the major lipoprotein
classes determined by NMR correlate very well with those estimated by gradient gel
electrophoresis. Emerging clinical data from several coronary disease outcome studies
indicate that NMR-derived lipoprotein particle parameters are superior predictors of
cardiovascular disease risk compared to traditional cholesterol risk factors. The speed and
efficiency of NMR lipoprotein subclass profiling make it a potentially valuable research tool
and cost-effective means of assessing and managing heart disease risk in the general

population.
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Chapter 1: Introduction and Background
1.1 Lipids and Coronary Heart Disease
Coronary heart disease (CHD) is the number one cause of death in the developed world.
Cholesterol, an essential constituent of cell membranes and a precursor of bile acids, vitamin
D and other steroids, has long been implicated in the development of atherosclerosis - the
narrowing of arteries caused by the deposition and build up of fatty plaque. Fatty acids
(lipids) in the form of triglycerides and cholesterol esters from the diet or produced
endogenously are packaged in particles called lipoproteins in the intestine and liver and
transported in blood plasma to peripheral tissues. Total cholesterol at elevated levels in
blood plasma has long been known to be associated with increased incidences of coronary
heart disease, myocardial infarction and stroke (1-4). The cholesterol-carrying lipoproteins
are classified into three broad categories based on density as very-low-density, low-density
and high-density lipoproteins, or VLDL, LDL and HDL, respectively. In addition to total
cholesterol, the LDL-cholesterol (LDL-C) is also known to have a positive association with
CHD risk. The HDL-cholesterol (HDL-C), however, exhibits a negative association with
CHD, meaning higher levels of HDL-C confer reduced risk for heart disease (5, 6). Due to
their respective associations with CHD risk and their roles in cholesterol metabolism, LDL-C
is commonly known as the “bad” cholesterol, and HDL-C has been dubbed the “good”
cholesterol.

The Expert Panel of the National Cholesterol Education Program (NCEP) is
responsible for the major public health initiatives for the identification of individuals at risk
for CHD (7). The NCEP recommends screening for cholesterol and lipoprotein lipids for all

adults above the age of 20 and once every 5 years. The original recommended guidelines



included initial classification into three categories of CHD risk based on the concentration of
total cholesterol (TC): “desirable” — TC<200 mg/dL (5.17 mmol/L), “borderline high” —
TC=200-239 mg/dL (5.17-6.18 mmol/L), and “high” — TC>240 mg/dL (>6.21 mmol/L).
Individuals in the “borderline high” and “high” categories require additional analyses for
LDL-C and HDL-C to gauge the need for dietary or drug treatment. The initial NCEP
guidelines to use total cholesterol instead of a complete lipid profile for CHD risk
categorization was partly due to analytical cost considerations. An individual’s true
concentration of cholesterol is subject to biological and analytical variations (8, 9) and as
such requires repeated testing with carefully controlled analytical procedures for accurate
risk assessment. People with “desirable” total cholesterol but with low levels of HDL-C will
not be identified by this approach. Subsequent guidelines issued by the NCEP shifted the
emphasis from total cholesterol to LDL-C. The most current communiqué from the NCEP’s
Adult Treatment Panel, popularly known as ATP III guidelines, issued in May 2001
established clear guidelines for CHD risk reduction based on lowering of LDL-C levels (10).
A multitude of factors are considered in assessing CHD risk. The presence of clinically
manifest CHD such as history of heart attack, myocardial infarction, stroke etc. is considered
a primary risk factor for future CHD. Then there are CHD risk equivalents such as the
presence of diabetes mellitus or a greater than 20% risk of developing CHD based on use of
the Framingham 10-year risk scoring system (11). Consideration is given then for the
presence of major risk factors such as smoking, hypertension, low HDL-C, family history of
premature CHD and age. Finally, an LDL treatment goal is arrived at based on all of these
factors. The LDL-C reduction is achieved by nutritional and life style changes, drug therapy

or both.



Though the emphasis on CHD prevention is based on LDL-C levels, in routine
clinical practice LDL-C is not measured directly. The most widely used clinical procedure
for measuring LDL-C concentrations is that of Friedewald (12) in which three separate
determinations for total cholesterol, triglyceride, and HDL-C are first made. Then the LDL-C
is estimated using the Friedewald formula, LDL-C = TC — HDL-C — TG/5. The Friedewald
approximation of VLDL-C = TG/5 holds only for normal TG levels (i.e. TG<150mg/dL),
above which there are deviations that make the estimation unusable for TG > 400 mg/dL.
Furthermore, the accuracy of the LDL-C value, the key index for clinical decision making in
the NCEP guidelines, depends on the combined reliability of the triglyceride, total
cholesterol, and HDL-C measurements, the imprecision in all of which will add to the total
error of the estimated LDL-C.

This dissertation deals with the development and validation of an alternate analytical
procedure for measurement of lipoproteins in plasma or serum based on proton NMR
spectroscopy. We have developed a protocol in which a linear least-squares fit of the plasma
methyl lineshape provides an accurate assessment of the amplitudes of the signals from the
component lipoproteins (chylomicrons, VLDL, IDL, LDL, and HDL). The derived
amplitudes from the deconvolution of the proton NMR methyl spectra envelope correlate
well with lipoprotein concentrations expressed in terms of lipoprotein lipid content. The
rapid and simultaneous quantification of the lipoprotein mass concentrations and their
average particle size dispersions by 'H NMR spectroscopy offers significant advantages over

existing methods and lends a powerful tool for the assessment and management of CHD risk.

1.2 Lipoproteins: Definition, Structure, Function

1.2.1 Composition of Lipoproteins



Human blood collected by veni-puncture in tubes containing anticoagulant (EDTA) can be
spun at 2000g in a clinical centrifuge for 15 minutes to yield a clear liquid called plasma in
the top half of the tube, separating it from the cells at the bottom. If the collection tube used
has no anticoagulants and is left to clot before being spun, the resulting fluid is referred to as
serum. Arterial plasma under normal conditions is maintained well buffered at pH 7.40 +
0.05. Plasma consists of many metabolites, lipoproteins and plasma proteins such as
albumins, globulins and fibrinogens. Fibrinogens play an essential role in clotting, and serum
separated after clot removal is essentially fibrinogen free. Plasma lipoproteins are spherical
particles containing specific lipids and proteins. Dietary lipids contain fatty acids that have
been esterified either with cholesterol, called cholesterol esters (a.k.a. cholesteryl esters), or
with glycerol, called triglycerides (Figure 1.1). Fatty acids are long chain hydrocarbons that
have a methyl (CH3) group on one end and a carboxylic acid (COOH) moiety at the other
end. The hydrophobic nature of lipids prohibits direct transport in plasma. The re-packaging
of lipids in vivo into particles called lipoproteins facilitates their transport between organs
and tissues. The dietary intake of fatty acids (lipids) in the form of triglycerides and
cholesterol esters, and lipids synthesized in the body are packaged into lipoprotein particles
in the intestine and liver and transported in blood plasma to peripheral tissues. As the name
suggests, lipoproteins contain both lipids and proteins. The proteins contained in the
lipoproteins are called apolipoproteins. Apolipoproteins play important roles in the
metabolism of lipoproteins by binding to specific receptor sites, in addition to acting as

cofactors for different enzymes.
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Figure 1.1. Chemical structure of cholesterol and lipids.



1.2.2 Lipoprotein structure

Lipoproteins are spherical particles that span a wide range of particle sizes. They have a
hydrophobic core of cholesterol ester and triglycerides, surrounded by a hydrophilic shell of
phospholipids with embedded apolipoproteins and some free (unesterified) cholesterol that
provide structural stability. The phospholipid is in the form of a monolayer with an

approximate thickness of 2 nm.

Apolipoprotein ._ﬂ_ / Apolipoprotein
NONPOLAR
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Phospholipid O
Free cholesterol () Apolipoprotein

Figure 1.2. Schematic representation of a lipoprotein particle.

Lipoprotein particles have a spherical structure resembling a micelle. The non-polar core has
cholesterol ester and triglyceride. The shell is made of phospholipids with the polar head
group facing the surface along with one or more apolipoproteins and some unesterified
cholesterol. Magnetically, the core is isotropic while the shell is ordered and anisotropic.
1.2.3 Nomenclature and Classification of Lipoproteins

Lipoproteins are classified in different ways based on their physical properties. They can be
categorized based on density, size, electrophoretic mobility, flotation constant, and

apolipoproteins. The most common classification is based on density into three major

categories of very-low-density, low-density and high-density lipoproteins, or VLDL, LDL



and HDL, respectively. Two other related categories are chylomicrons that are less dense
than VLDL, and intermediate-density-lipoproteins, or IDL, that falls between the density
range of VLDL and LDL. The particle density increases from chylomicrons to HDL while
the particle size decreases from chylomicrons to HDL. The relative protein content also
increases going from chylomicrons to HDL. These properties are summarized on Figure 1.3

and Table 1.1.
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Figure 1.3. Relationship of particle size and density of lipoprotein subclasses.

The particle size of lipoprotein subclasses have an inverse relationship to their hydrated
densities. A common sub-classification of HDL consists of larger HDL, (d1.063-1.125kg/L),
and smaller HDL; (d1.125-1.210kg/L). Lp(a) is a LDL-like particle with the apoB of LDL
cross-linked by a disulfide bond to apo(a), a protein of variable mass that has homology to
plasminogen.



Table 1.1 Classification and Physical Properties of Lipoproteins
: . Density Pgrtwle Flotation Electrophoretic Amouqt
Lipoprotein (ke/L) Diameter Rate Mobilit of Protein
¢ (nm) (S d (%)
Chylomicrons <0.95 80-1200 > 400 Stays at origin 2
VLDL 0.95-1.006 30-80 60-400 Pre-beta 8
IDL 1.006-1.019 23-35 20-60 Broad Beta 16
LDL 1.019-1.063 18-25 0-20 Beta 21
HDL 1.063-1.210 5-12 0-9 Alpha 55
VLDL= very-low density lipoprotein, IDL=intermediate-density lipoprotein, LDL= low-density
lipoprotein, HDL= high-density lipoprotein; Sf= Svedberg units

1.2.4 Apolipoproteins and Lipoprotein Metabolism

There is constant traffic of apolipoproteins between lipoprotein particles. They bind to

specific receptors and act as cofactors to enzymes. The major enzymes involved in

lipoprotein metabolism are lipoprotein lipase (LL), hepatic triglyceride lipase (HTGL), LDL

receptor related protein (LRP), and lecithin:cholesterol acyltransferase (LCAT). Also there is

exchange of TG and cholesterol ester between lipoprotein particles that are catalyzed by

cholesteryl ester transfer protein (CETP). Table 1.2 details the known apolipoproteins, and

the main functions (11).




Table 1.2 Apolipoproteins and Functions

Apolipoprotein  Main Functions

Accepts cholesterol.

Apo Al Structural for HDL. Ligand for HDL binding. LCAT cofactor.

Apo All Structural for HDL. Ligand for HDL binding. LCAT cofactor.

Apo AIV Ligand for HDL binding. LCAT activator.

Apo(a) Structural for Lp(a). Structural analogy with plasminogen.

Apo B-48 Structural for chylomicrons.

Apo B-100 Structural for VLDL, IDL, and LDL. LDL receptor ligand.

Apo CI LCAT and LPL activator.

Apo CII LCAT and LPL activator.

Apo CIIT LPL inhi‘pitor. HTGL inhibitor. Modulator of TG-rich
lipoproteins by LRP.

Apo E Ligand for LDL receptors and LRP.

The following is a brief description of lipoprotein metabolism (14). Fats absorbed in
the intestine are packaged into large triglyceride-rich particles known as chylomicrons. These
undergo lipolysis (removal of TG) to form chylomicron remnants which are taken up by the
liver via an apo E receptor. The liver can also secrete triglyceride-rich VLDL. Following
lipolysis, these particles can be converted to LDL or be taken up by the liver via an apo E
receptor. The LDL formed are catabolized mainly by the liver or by other tissues via LDL
receptors that recognize both apo B-100 and apo E but not apo B-48. If LDL are modified,
they also can be taken up by scavenger receptors on macrophages. HDL are synthesized by
both the liver and the intestine. The HDL pick up lipid and protein constituents from
chylomicrons and VLDL as these particles undergo lipolysis. HDL picks up free cholesterol
from peripheral tissues and macrophages, a process known as reverse cholesterol transport,

and are catabolized mainly in the liver.



1.3  Measurement of Lipoproteins

1.3.1 Measurement of lipids as surrogates for lipoproteins

Ever since lipid levels were linked to the prevalence of coronary artery disease (CAD),
clinical tests were developed to measure lipids. Enzymatic assays have been available for
over three decades to measure TC, TG, and HDL-C (15-19). The HDL assays involve a
precipitation step to remove VLDL and LDL, or homogeneous assays that complex beta
lipoproteins, followed by a cholesterol assay. As described before, LDL-C is estimated (12)
as TC — (HDL-C) — (TG/S), with concentrations expressed in mg/dL units. (For mmol/L
units, TG/2.2 is used instead of TG/S).

What is often not appreciated is that measuring lipids is really a surrogate for
measuring the lipoproteins that carry cholesterol and TG. The surrogate relationship of lipids
(cholesterol and triglycerides) to lipoproteins was described in the 1967 landmark writings of
Fredrickson, Levy, and Lees (20), who noted that "... all abnormalities in plasma lipid
concentrations, or dyslipidemia, can be translated into dyslipoproteinemia" and shifting
emphasis to lipoproteins "...offers distinct advantages in the recognition and management of
such disorders." The reason that lipids, rather than lipoproteins, are the traditional focus of
clinical attention was also discussed: "...there is no single test that infallibly separates all
those who have dyslipoproteinemia from those who do not....the majority of laboratories still
employ a combination of chemical measurements of plasma lipids for this purpose." It is
known well that lipoprotein particles interacting with the arterial wall play key roles in the
development of atherosclerosis (21). For reasons that are related primarily to the difficulty of
measuring lipoprotein particles directly, triglycerides continue to serve as a surrogate

measure of VLDL levels, and LDL and HDL cholesterol values as indicators of the

10



concentrations of LDL and HDL particles. The measurement of apolipoproteins, some of
which have reasonably direct relationship to lipoprotein particle levels, have at best been
used as extra information to add to the myriad of lipid information towards assessing CHD
risk. Especially apolipoprotein B-100, which has a 1:1 relationship to LDL particle
concentration, did not warrant much attention in the clinical science community fixated by its

cholesterol focus (22).

1.3.2 Lipoprotein subclass measurement
While the relationships of the major lipoprotein classes (VLDL, LDL, and HDL) with CHD
risk are well known, the measurement of subclasses within the major classes has brought
further understanding to the study of atherosclerosis, diabetes, metabolic syndrome and other
lipoprotein disorders. For example, within the LDL regime, the prevalence of smaller, denser
LDL (pattern B phenotype) had been associated with as much as a 4-fold increase in CHD
risk compared to a prevalence of larger, less dense LDL subclasses (pattern A phenotype)
(23-26). Even in the case of the “cardioprotective” high density lipoproteins, only the large
HDL subclass seems to give a beneficial effect while some smaller subclasses might be
positively linked to CHD risk (27, 28, 61). This type of information has stimulated research
interest in lipoprotein subclasses and the development of new, more efficient methods for
their measurement.

Lipoprotein subclasses can be quantified by a variety of analytical techniques. The
oldest and most common method is analytical ultracentrifugation (29). By appropriately
adjusting the density of plasma, sequential flotation ultracentrifugation (30) can be used to

isolate major lipoprotein classes as well as the subclasses within. The process involves

11



multiple steps and takes several days. Density gradient ultracentrifugation is another common
method for the isolation of lipoprotein subclasses (31-33). Plasma is carefully layered with
multiple density salt solutions and then spun in a swinging-bucket rotor. Depending on the
purpose for isolation this can be done in several hours to a day. Gel filtration chromatography
is another common way of isolation (34, 35). Agarose gels are used for this size exclusion
process. Polyacrylamide gradient gel electrophoresis (GGE) is widely used for LDL and
HDL subclass analysis, and has higher resolving power than the ultracentrifugal methods (36,

37). GGE is not, however, suited for preparative scale separations.

1.3.3 Limitations of current methods for lipoprotein subclass analysis

The traditional methods for subclass quantification reviewed above involve a two-step
process whereby the subclasses are first physically separated from plasma and each other,
and then a measurement is made to quantify the (partially) separated subclass. These are very
labor-intensive processes that can take from half-a-day to several days to complete, the latter
being more common. Even after the laborious separation, measuring only the cholesterol in
the separated fractions does not achieve the objective of quantifying the lipoprotein particles
themselves or the bulk lipid they contain. There are also documented concerns that the
ultracentrifugation process itself modifies the physical properties of some lipoproteins (38).
The powerful GGE techniques are fraught with reproducibility issues arising from the need
to make uniform gradient gels and the need to run calibrators every time, all of which confine
the technique to a few specialized laboratories. Due to the time and labor involved, these

techniques remain cost-prohibitive for routine clinical adoption.
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Several years ago, Otvos and coworkers proposed an entirely different approach to
lipoprotein subclass analysis that exploits the natural proton nuclear magnetic resonance
(NMR) spectroscopic differences existing between lipoprotein particles of different size (39,
40, 41). The proposed method completely eliminates the need for physical separation and
measures simultaneously all of the lipoprotein subclass concentrations. There is also no need
for any reagents. The method offers the potential for considerable cost and time savings over

existing methods, and lends itself to automation and adoption for CHD risk evaluation.

1.4 NMR spectroscopy of blood plasma

NMR spectroscopy had been in use for several decades as a powerful tool for chemical and
biomacromolecular structure elucidation. Proton ('H) NMR spectroscopy where the nucleus
being observed is the hydrogen atom (a spin }2 nucleus) is the most commonly studied
structural probe. With few exceptions it has been used as a qualitative, rather than
quantitative, analytical tool. The first use of NMR to study lipoprotein samples was for the
purpose of verifying the micellar structural model for serum lipoproteins (42). Proton NMR
has been extensively used to identify the metabolites in plasma and other biological fluids,
and also proposed to have utility in cancer diagnosis. An explosion in the field occurred
starting in the mid eighties with the advent of good water suppression techniques (43-48). A

comprehensive review by Ala-Korpela appeared in 1995 (49).

1.4.1 Lipoprotein subclass measurement by NMR

The proton NMR method of lipoprotein measurement takes advantage of the natural

spectroscopic “fingerprints” of lipoprotein particles of varying sizes. Figure 1.4 shows a
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proton NMR spectrum of a typical plasma/serum sample acquired at 400 MHz. The
assignments for the origin of the multiple peaks from lipids and small molecule metabolites
are given in the figure legend. The most prominent lipid peak comes from the repeating units
of —CH,- (methylene) hydrogen atoms. However, the -CH3 (methyl) signals appearing
around 0.7-0.9 ppm are spectroscopically simpler in terms of their chemical environment,
being at the terminal end of lipids. Efforts to measure lipoproteins by NMR thus focused on
the methyl signal of plasma and its lipoprotein constituents. The signals in this region are
emitted by methyl group protons of phospholipids, free cholesterol, cholesterol ester and
triglyceride, which are spectroscopically indistinguishable from one another. The detected

methyl signal is thus proportional to the bulk lipid carried in the lipoprotein particles.
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Figure 1.4. Proton NMR spectrum of human blood serum.

400 MHz '"H NMR spectrum of a serum sample (diluted two fold with EDTA buffer)
acquired at 47°C with 10 scans. Resonance assignments: A, —C(18)Hs of cholesterol back
bone; B, terminal methyl -CHj protons; C, methylene —(CH;),- protons; D, methylene
protons of C(3) carbon —CH,-CH,-COOC- ; E, allylic methylene protons -CH,-CH=CH- ; F,
methylene protons of the C(2) carbon —CH,-COOC- ; G, allylic carbon protons -CH=CH- ;
1, valine quartet; 2, lactate doublet; 3, alanine doublet; 4, N acetyl protons of N-
acetylglucosamine of glycoproteins; 5, ethylenic protons —N-CH,-CH,-N- of CaEDTA;

6, ethylenic protons —N-CH,-CH»-N- of MgEDTA; 7, acetate protons CH,-COO  of
CaEDTA doublet; 8, methyl -N(CHs); of choline head group of phospholipid; 9, glucose
multiplet; 10, residual water H,O; 11, a-glucose doublet.
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By isolating the major classes of lipoprotein (VLDL, LDL and HDL), and the
lipoprotein-free serum proteins, and adding the NMR spectra of these constituents together,
we demonstrated that the shape and intensity of the intact plasma signal can be matched (48).
By acquiring and utilizing a library of reference spectra of purified lipoprotein subclasses, it
is feasible to work backwards from the composite plasma methyl signal using a specialized
linear least squares fitting program (40). There are distinct chemical shift differences
between the different classes of lipoproteins. The larger classes, and indeed subclasses,
progressively shift downfield (to the left) from the smaller lipoprotein classes. While the core
of the particle is isotropic at temperatures above the thermal order-disorder transition point
(>45°C), the phospholipid shell remains in an ordered state and this anisotropic magnetic
susceptibility directly related to the radius of curvature of the particle has been established as
the source of the chemical shift differences (50). Under current conditions, a total of 15
different lipoprotein subclasses consisting of 6 VLDL, 4 LDL including IDL, and 5 HDL are
quantified by the NMR methodology with adequate precision and accuracy. The diameter
ranges of the subclasses determined by NMR and characterized by electron microscopy and

polyacrylamide gradient gel electrophoresis are given in Figure 1.5.
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Figure 1.5. Lipoprotein subclasses quantified by NMR.

Subclass designations and diameter ranges for the fifteen subclasses quantifiable by NMR.
The sizes of the original reference components were determined by GGE and electron
microscopy. Another alternate classification is large VLDL (V6+V5), medium VLDL
(V4+V3), small VLDL (V2+V1), IDL, large LDL (L3), medium-small LDL (L2), very small
LDL (L1), large HDL (H5+H4), medium HDL (H3), and small HDL (H2+H1).

The deconvolution of the plasma spectra results in coefficients that tie the intensities
of the plasma subclass signals to the reference subclass components used in the fitting model.
These coefficients are then multiplied by conversion factors that produce the particle
concentrations of the subclasses and the NMR-derived lipid concentrations. The most
fundamental information gained by the NMR methodology is the particle concentrations of
subclasses (mmol/L for VLDL and LDL, and pmol/L for HDL), since the NMR intensity is
directly proportional to the number of hydrogen nuclei of the methyl protons. The
compositional changes resulting from CETP mediated TG — CE exchange processes have no

bearing on the number of protons since both TG and CE have the same number of CH3

groups contributing 9 protons per molecule. The NMR-derived lipid concentrations (in
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mg/dL Chol or TG) on the other hand are obtained based on cholesterol and TG
concentrations determined for the reference subclasses that assume normal composition of
TC and TG (40-41, 51-52). Therefore, while generally good agreement will be seen for
NMR-derived lipid values and chemical lipids, there will be significant differences when the
plasma samples have lipoproteins with abnormal lipid compositions as in the case of TG-
enriched, cholesterol-depleted particles. The third important piece of information resulting
from the NMR deconvolution is the average particle sizes (in nm) for the VLDL, LDL, and
HDL classes. These are computed as the weighted average of the sum of the diameter of each
subclass multiplied by its relative mass percentage as estimated from the methyl NMR signal
amplitude. There is very good agreement between NMR-determined and GGE-estimated
particle sizes for LDL and HDL. The output incorporating all three classes of information
(i.e. particle concentrations, lipid estimates, average particle size) is termed NMR

LipoProfile.

1.4.2 Advantages of lipoprotein subclass analysis by NMR

The NMR method for subclass analysis is rapid and fully automatable. The major advantage
of the method is in its avoidance of the need for physical separation of the lipoprotein classes
and subclasses. NMR provides within minutes the data obtainable in days by traditional
methods. On top of it, NMR methodology provides additional useful data like the LDL and
HDL particle concentrations that are not directly accessible by any other method. The
precision of the NMR method is also superior to the traditional methods. The efficiency with
which lipoprotein subclass data can be generated opens new avenues in the assessment and

management of CAD risk in the general population.
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1.4.3 Alternate NMR approaches

In parallel to the development of the NMR method described above, a group in Finland led
by Hiltunen and Ala-Korpela used a lineshape analysis program (FITPLA) where they tried
to model the spectra of lipoprotein classes with multiple Lorentzian peaks (53-55).
Subsequently they introduced multivariate analysis approaches to quantify lipoprotein lipids
(56-57). Chemometric techniques like Partial Least Squares regression (PLS) and Principal
Component Analysis (PCA) were used to correlate NMR-derived values to plasma lipid
levels. Later, Ala-Korpela’s group employed artificial neural network (ANN) analysis to
correlate NMR values to chemical lipids and apolipoproteins A1 and B. Another group in
Norway led by Engan and Bathen extended the PLS and ANN approaches along with pattern
recognition to separate CHD subjects from normal subjects, and to aid in cancer diagnosis
(58-60). These novel chemometric approaches, however, have been tested with very small
data sets, and require the need for a training data set and test (validation) set and the know-
how not to over-train. More importantly, these are all attempts at quantifying lipids, and not

quantifying lipoprotein subclasses at the particle level.

1.5  Overview of chapters to follow

Chapter 1 presented background information regarding CHD risk assessment and the existing
need for measuring lipoprotein subclasses to aid diagnosis and management of coronary
artery disease. Lipoprotein structure and function and the currently available methods for
lipoprotein subclass analysis were reviewed. The NMR-based spectral deconvolution
technique to measure lipoprotein classes and subclasses at a particle level, and the average

particle sizes of VLDL, LDL and HDL classes was introduced.
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Chapter 2 will deal with details of the methodology, especially focusing on the
isolation of pure reference subclasses and the size characterizations of the same with GGE
and electron microscopy. The NMR spectroscopy methodology will also be discussed in
more detail. The clinical output of the results, the NMR LipoProfile, will be introduced.

Chapter 3 forms the bulk of the dissertation material and comes in the form of a
paper to be submitted to Clinical Chemistry for publication. It provides comprehensive
validation data for the NMR technique and contains precision and accuracy data establishing
NMR LipoProfile as a clinical assay.

Chapter 4 consists of a paper published in the American Journal of Cardiology
highlighting the importance of the newly available LDL particle concentration number. It
demonstrates how traditional LDL cholesterol levels can underestimate the true risk of
patients for certain metabolic conditions whereas the LDL particle number would have
confirmed their excess LDL status. NMR data from the Framingham Offspring Study with
3400 participants is used for this analysis.

Chapter 5 entails a brief discussion, summary and conclusion. References for chapters

1,2 and 5 are given at the end, starting on page 127.

20



Chapter 2: Experimental: Building blocks of the NMR LipoProfile test

2.1 Isolation of lipoproteins

Lipoprotein preparations were obtained by sequential ultracentrifugation as previously
described (39, 62, 63). The density ranges for the major subclasses isolated were
Chylomicrons (<0.94kg/L), VLDL (0.94-1.006 kg/L), IDL (1.006-1.109 kg/L), LDL (1.019-
1.063 kg/L) and HDL (1.063-1.210 kg/L). Plasma proteins with d>1.225kg/L were also
isolated. Where appropriate, the preparations with densities higher than that of plasma were
dialyzed against plasma diluent buffer containing 120mM KCI, 5mM EDTA, 1mM CaCls,,
50mM Na,HPO, and 0.2g/L NaN3; buffered at pH 7.4.

For the purposes of generating highly purified lipoprotein subfractions with as
homogeneous a range of particle diameters as possible, a combination of ultracentrifugation
and agarose gel filtration chromatography was used based on modifications to the general
procedures of Rudel (34) and Sata (35). Meter-long columns (1.5cm id) packed with a
variety of agarose beads ( Bio-Rad, Hercules, CA or Agarose Bead Technologies, Tampa,
FL) were set up in a cold room maintained at 4°C. Separate columns of Bio-Gel type A-150
(1 %), A-50 ( 2%), A-15 (4%) and A-1.5 (8 %) agarose gel beads were used for the isolation
and/or purification of Chylomicrons, VLDL, LDL and HDL subclasses, respectively. The
lipoprotein isolations typically started with 20-25 mL of plasma from several normo- and
dyslipidemic subjects, one individual’s plasma at a time except for IDL, for which plasma
from several hypertriglyceridemic subjects was pooled. For VLDL, the top fraction from a
density 1.006kg/L spin (180,000 xg, 18h) was used on the A-50 agarose column. For LDL

and HDL the plasma, or plasma without the VLDL, was adjusted to a density of 1.225kg/L
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by the dissolution of solid NaBr, ultracentrifuged at 4°C and 50,000 rpm for 48 hours,
(Beckman Coulter, Optima TLX) and the top fractions collected using a Beckman tube slicer.
For IDL, the fraction with density range 1.006 — 1.019kg/L was first isolated from pooled
plasma using sequential ultracentrifugation. The floated lipoproteins were concentrated to 1-
2mL using Centricon-10 microconcentrators (Amicon Inc, Danvers, MA) and loaded onto
the A-15 column and eluted with plasma buffer. Fractions of 3-4 mL each were collected and
the OD measured at 280nm to record the elution of the lipoprotein particles.

The A-15 columns yielded baseline separations of VLDL, LDL and HDL. The tubes
containing LDL and HDL were pooled separately, concentrated and loaded back on the A-15
or A-1.5 columns, respectively, for further purification of the LDL and HDL. The quality of
the separations improved further when the first half and second half of the LDL and HDL
peaks were re-chromatographed separately on their respective columns. Each column run
required one to three days to complete. Figure 2.1 shows the A-15 agarose column profile of
the d<1.225kg/L fraction from a hypertriglyceridemic subject. Note that the chylomicron
remnants were eluted in the excluded volume of the column. Further column profiles are

included in Figures 1 and 2 of Chapter 3.
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Figure 2.1. Agarose column separation of major classes of lipoproteins.

A-15 agarose gel filtration profile of density < 1.225kg/L portion from a
hypertriglyceridemic subject. The absorbance at 280 nm was plotted against fraction number
(3 mL ea.). Peaks from chylomicrons, VLDL, LDL, and HDL are clearly visible, with the
chylomicrons appearing in the void volume of the column.

The A-15 column (4% Agarose beads) gave the best overall separation of all three classes of
lipoproteins. However, in light of the overlap in the VLDL/LDL regime, procedures were
modified to first isolate VLDL by ultracentrifugation and then achieve further purification by
chromatographing on an A-50 column. The fraction with VLDL removed from it was
centrifuged at d=1.225kg/L before being loaded on the A-15 column for purification of LDL
and HDL.. The fractions eluting on either side of the main peaks were considered to have
greater subclass homogeneity. The fractions were concentrated to 0.5-1mL and kept

refrigerated until characterized by NMR, chemical lipid analysis and gradient gel

electrophoresis or electron microscopy.
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2.2  Characterization of lipoproteins

2.2.1 Chemical analysis

Chemical lipid analyses for TC, TG and HDL-C were performed enzymatically on a Bayer
RA-1000 analyzer at the Lipid Analytic Laboratory of the Wake Forest University School of
Medicine (Winston Salem, NC). All TG analyses were run with glycerol blanking. The
analysis for TC and TG was performed on the isolated lipoprotein subcomponents after
special calibration for measuring concentrations lower than normally seen in plasma.
Apolipoprotein B (apoB) measurements were performed on a Beckman Synchron CX-7
(Beckman Coulter Inc., Fullerton, CA) analyzer using a commercial turbidimetric
immunoassay (Wako Chemicals, Osaka, Japan) ( 64). Compositional analysis to measure CE,
TG, unesterified cholesterol and protein were carried out at Wake Forest University School

of Medicine (Winston Salem, NC) with the assistance of Dr. Martha Wilson.

2.2.2 Electron microscopy

Lipoprotein particle size measurements for purified VLDL and LDL subclasses were carried
out at the Center for Electron Microscopy at North Carolina State University using a JEOL
100S (Peabody, MA) transmission electron microscope with the assistance of Ms. Valerie
Knowlton. Samples were prepared following negative staining procedures described by Forte
(65). Briefly, samples of VLDL/LDL in saline buffer were diluted (~1mg/mL, final) and 1
drop of sample was placed on a 200-mesh Formvar-carbon-coated grid. After a minute, extra
sample was blotted off with filter paper, and one drop of 2% sodium phosphotungstic acid

(PTA) was placed on the grid, blotted dry after a minute, and air-dried for 10 minutes.
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Magnifications of 25,000 — 60,000 x and a further photographic enlargement of 2.5 — 3.0 x
were used. Diameters on the photographs were measured using a HiPad Digitizer (Houston
Instruments, Austin, TX). Mean diameters were derived by measuring the diameters of at
least 200 lipoprotein particles on two or more grids. The VLDL particles are very susceptible
to aggregation and needed to be analyzed in a timely manner, preferably within 1 week of
isolation. Aggregates with the appearance of threaded beads were seen on aged samples of
VLDL subclass components. Figure 2.2 illustrates a typical electron micrograph. This was
obtained for a small VLDL sample with an average diameter of 33 + 3 nm. More examples

can be found in Chapter 3, Figures 2A, 2B, 2C.
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Figure 2.2. Electron micrograph of a homogeneous VLDL subcomponent.

Transmission electron micrograph (JEOL 100S) of a VLDL lipoprotein subclass component
separated and purified by combination of ultracentrifugation and agarose column
chromatograpghy. Sample was diluted with saline to approx. 1mg/mL and applied on 200-
mesh Formvar-carbon-coated grids and stained with 2% sodium phosphotungstic acid (PTA).
Total magnification x135,000. Diameters on the photographs were measured with a HiPad
Digitizer counting 200 particles to generate the frequency distribution and mean diameters.
The particle diameter (mean + SD) for the lipoprotein component was 33 + 3 nm.

2.2.3 Gradient gel electrophoresis

Nondenaturing gradient gel electrophoresis was used to characterize isolated HDL
subfractions in the laboratory of Dr. Larry Rudel at Wake Forest University School of
Medicine (34, 36). Further GGE analysis of plasma samples and LDL and HDL preparations
for the standard addition studies were performed at Dr. David Rainwater’s laboratory at
Southwest Foundation for Biomedical Research (San Antonio, TX) (37, 66, 67). Generally,
in the Rainwater laboratory, twelve microliters of isolated LDL or HDL fraction was applied
to a 3-31% gradient gel. After electrophoresis, the gel was stained for lipid with Sudan black
B.

Calibrators for LDL diameters were: latex microspheres (38 nm), two LDL bands (27.5 &
26.6 nm, calibrated by Berkeley HeartLab, Inc., and thyroglobulin (17 nm); for HDL.:
thyroglobulin (17 nm), ferritin (12.2 nm), LDH (8.16 nm), and albumin (7.2 nm). A

photograph of a typical GGE scan and its densitometer trace is shown in Chapter 3, Figure 5.

2.3 NMR spectroscopy

Proton NMR spectra of all plasma samples and isolated lipoprotein subclasses were acquired
on 400 MHz Avance spectrometers (Bruker Bio-Spin, Billerica, MA) at the CLIA approved

facilities of LipoScience Inc., (Raleigh, NC). The NMR system was supplied with a special
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INCA (Integrated NMR Chemical Analyzer) enclosure consisting of an actively shielded
magnet, an automatic Gilson-215 (Madison, WI) sample handler and a flow probe with a
120uL active volume. All NMR measurements for lipoprotein analyses were performed at
47°C; the flow path was heated to minimize the time needed for temperature equilibration of
the sample inside the probe. Automatic sample handling methods and procedures developed
in-house were used in tandem with Bruker’s ICON NMR software module. Sample
preparations were executed automatically by a Tecan Genesis RSP-100 (Tecan US, RTP,
NC) aliquotting station. The bar-coded sample racks were kept refrigerated and loaded on the
NMR analyzer after daily startup and QC procedures were completed. When the racks are
cooled, up to 256 samples can be analyzed unattended.

As part of the startup procedure a NMR standard sample of TMA (trimethylacetate,
sodium salt) was first injected. The TMA standard mimics the ionic strength of plasma and
contains 15mM TMA, 5mM EDTA, 3mM CaCl,, 120mM KCI and 10%v/v D20, pH 9.0.
The TMA was used for “shimming” to achieve acceptable magnetic field homogeneity and to
calibrate the detection sensitivity of the spectrometer. Spectra were acquired following
shimming the magnetic field on the field-frequency lock signal provided by the D,O in the
TMA sample to achieve a Lorentzian lineshape with a linewidth at half-height of < 1.2 Hz.
The methyl peak of the TMA standard was integrated and the peak area used to correct for
day-to-day variations in spectrometer sensitivity and to normalize multiple spectrometers and
flow probes. The frequency shift of the water with respect to the CaEDTA peak at 2.519 ppm
was used as an internal thermometer to maintain the measurement temperature at 47.0°C.

On runs involving patient samples, aliquots of two levels of serum control material

were analyzed in the automation mode under identical conditions to that of the analysis of the
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test samples. The serum control materials were purchased from Soloman Park Research
Laboratories (Kirkland, WA) where the two pools were prepared encompassing high and low
ranges of lipid levels. The NMR LipoProfile results obtained for the serum controls were the
input for Westgard’s multirule quality control procedures (69, 70).

NMR acquisition conditions were similar to previous descriptions (39, 40). A single
pulse scout scan was used to determine the water frequency. This was followed by a standard
one-pulse sequence preceded by a 1.5-s pre-acquisition delay and 1.5-s selective
presaturation pulse at the water frequency. A spatially selective composite 90° observation
pulse (90, — 90y — 90« — 90.y) was used to minimize water suppression artifacts (68). The
acquisition time was 1.0-s with a pulse repetition rate of 4-s per scan. Other settings for data
acquisition were: spectral width, 4496 Hz; time domain data size, 9024; composite pulse
length 5-8 us; and constant receiver gain. For routine NMR LipoProfile analysis of plasma
and serum samples NMR data were acquired unlocked in 5 blocks of two scans each. For
isolated lipoprotein components with relatively low lipid content, samples were run locked
acquiring 16-128 scans in a single block. The NMR analysis time for the plasma samples was
40-s and a further 1.5 to 2 minutes was required for sample loading and cleaning the flow
path between samples. The time-domain data were zero-filled to 16K, multiplied by
appropriate Gaussian and exponential apodization functions to enhance resolution, and
Fourier-transformed with identical scaling. The resulting real and imaginary files form the

input for the deconvolution program to generate the NMR LipoProfile.

2.4  Construction of fitting model
After a sufficient number of lipoprotein subcomponents of the different subclasses of the

major lipoprotein classes of VLDL, LDL, and HDL had been characterized, the plasma
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lineshape fitting model was then constructed. Selecting enough subcomponents (30-40) to
provide representation of all lipoprotein species likely to be encountered in a patient’s plasma
sample is essential. The subcomponents were then grouped into subclasses as described in
Chapter 1 and 3 forming 6 VLDL, IDL, 3 LDL and 5 HDL subclasses. Figure 2.3 illustrates
the chemical shift relationship of the lipoproteins to the particle size for representative

subclasses included in the model.

_ 24
N i |
::""_' 20 [ u V6
8 I u V5
E i .lv3 V4
y 16 [ LI3DL.. v2
g Lz V1
w
e 12 U
x [ mH5
= 8f
w - B H4
>
o — H3
2 e
© 0 mH
ey o Jd g g a9 1 g 0 a9 1 g g9 g9 g 1 g g 1 4 1
0 20 40 60 80 100 120 140
LIPOPROTEIN DIAMETER (nm)

Figure 2.3. Relationship of lipoprotein particle diameter and NMR chemical shift.
Plot of relative NMR shift (with respect to the smallest HDL) of fully characterized
lipoprotein subclasses against lipoprotein particle diameter.

The fitting model representative of the 10 major subclasses of lipoproteins is given in
Figure 2.4. The NMR spectra of the methyl region are plotted adjusted to the same vertical

scale. The particle-size related chemical shift differences and lineshape differences between
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the different classes of lipoproteins, including subtle differences within each class are clearly

discernable.
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Figure 2.4. Reference spectra comprising NMR LipoProfile fitting model.

Methy! region *H NMR spectra of representative lipoprotein subclasses making up NMR
LipoProfile lineshape analysis model. VL=large VLDL, VM=medium VLDL, VS=small
VLDL, IDL=intermediate density lipoproteins, LL=large LDL, LM=medium LDL, LS=
small LDL, HL=large HDL, HM=medium HDL, and HS=small HDL.
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2.5 NMR lineshape deconvolution

The lipid methyl region, from 0.914 to 0.718 ppm, was the spectral region employed for
deconvolution of the experimental NMR lineshape. The experimental spectrum was modeled
as a linear combination of over 30 lipoprotein subcomponent spectra obtained as described
above. Contribution of each subcomponent NMR lineshape in the basis set to the lineshape
of the experimental spectrum was determined by singular value decomposition (71, 72, 73),
constrained so that concentrations could not be less than zero.

The digitized data covering the deconvolution region from each of the reference
lipoprotein spectra was stored in separate arrays of computer memory. Both the real and
imaginary part of the experimental plasma (analyte) spectrum was then read into the array.
The analyte NMR lineshape was deconvoluted using multivariate analysis with non-negative
constraints. The lineshape consisted of a vector of m discrete NMR intensities, each
representing an incremental change in the NMR chemical shift that was directly related to the
size of lipoprotein particles. The experimental lineshape was approximated as a linear
combination of reference component lineshapes, with each component a vector spanning the
same region as the experimental spectrum:

n-2
PR~ cVi+cVi +c,P'
j=1
R and | represent the real and imaginary parts of the NMR spectrum. P is the experimental
analyte vector, with m data points where m = 1,2,....,300. The V,-R are vectors corresponding

to the real parts of a carefully phased set of n-2 lipoprotein component spectra spanning

particle size range from 200 nm to 7.3 nm, covering large VLDL/Chylomicrons to small
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HDL. The vector P' is the imaginary part of the analyte spectral vector and Vy is the spectral
vector of the non-lipoprotein ‘plasma protein’ component. These vectors constitute a basis

set for least squares analysis, combined into a design matrix for multicomponent regression:

Vll V12 L Vlm
V21 V22 L V2m
M MO M
V =
an Vn 2 L Vnm
Vkl Vk 2 L Vkm
i Pl' P2' L Pn: |

The c;, ¢, and c, are the relative contributions to the calculated spectrum for each component
vector of the design matrix and constitute a solution vector c, such that V'c ~ PR, where PR is
the vector corresponding to the real part of the analyte spectrum. The best fit (in the least
squares sense) is when the Euclidean norm of the residual vector, r = P® - V¢ , is minimized.
The condition for this is that VV'c = VPR and ¢ = (VV')*VP® : in principle the desired
vector ¢ can be obtained using standard matrix algebra.

However, many of the component spectra have similar lineshapes, and the matrix /'
is often close enough to singularity that the presence of noise in the analyte spectrum creates
instability in the conventional least squares solution. This instability is overcome by
decomposing the matrix V' using singular value decomposition (73): V'=QSP', where Q is a
m x m orthogonal matrix and P a n x n matrix of singular vectors. S isam x n matrix
consisting of a diagonal matrix of singular values in the upper n x n portion of the matrix,
with the remainder of the matrix containing zeros. Q and P effectively change the basis V',

with the magnitude of singular values corresponding to the vectors in this new basis
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determining their relative contribution to the solution. When these values are very small, so
that the contribution of their corresponding vectors to the solution has the same magnitude as
the noise, they are eliminated by setting the singular values to zero, thus removing
statistically meaningless contributions to the fit.

Once the coefficients c; relating analyte data to the amplitude fraction of the reference
components were solved, conversion factors relating reference spectra signal amplitude to
subclass concentrations expressed in particle concentration units or in lipid mass
concentration units (cholesterol or TG) were then applied. Particle concentrations (nmol/L
for VLDL and LDL; umol/L for HDL) were calculated for each subclass standard by
measuring the total concentration of core lipid (cholesterol ester plus TG) and dividing the
volume occupied by these lipids by the core volume per particle calculated from the particle
diameter of the isolated lipoprotein subclass reference. Lipid mass concentration estimates
(VLDL in mg/dL TG and LDL and HDL in mg/dL cholesterol) were obtained by applying
conversion factors that contained the lipid concentrations measured on each reference
subclass. Weighted average VLDL, LDL and HDL particle sizes (nm diameter) were
computed as the sum of the diameter of each subclass multiplied by its relative mass

percentage as estimated from the intensity of its methyl NMR signal.

2.6 Output of deconvolution: NMR LipoProfile
Once the model is established the actual deconvolution takes only a fraction of a second. The
visual output in Figure 2.5 shows the experimental spectrum (red) fitted with the components

(lower curves), with the calculated spectrum (black) closely matching the plasma spectrum.
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sSum
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Corr. Coeff. = 0.99963828
Figure 2.5. Plasma lineshape analysis results.
Visual output of a plasma lineshape analysis. The calculated (black) line closely match the
experimental spectrum (red) with r=0.99968. The lower curves show the constituent
subclasses used in the fit, VLDL (blue), LDL (red), HDL (green). The large featureless curve
(purple) represents the plasma protein peak included in the fit as a component.
The results of deconvolution are then automatically converted as described earlier to provide
particle concentrations, estimated lipid values, and average VLDL, LDL, and HDL particle

sizes. A selection of these results is encapsulated in the clinical NMR LipoProfile report for
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the purpose of assessing and managing the CHD risk of patients. Figure 2.6 A, B contains a

representative NMR LipoProfile report.
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Figure 2.6. Sample of NMR LipoProfile assay report
NMR LipoProfile report consists of (A) a Lipoprotein Panel and Risk Assessment Panel, and,
(B) bar graphs with Subclass Levels and a panel with NMR-Derived Lipid Values.
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2.7 Correlation with chemical lipids

At the early stages of the development of the NMR LipoProfile test, it was considered
important to determine correlations between NMR-derived and chemically-measured lipid
values. Figure 2.7 shows correlation plots for HDL-C and LDL-C between the two methods
for 118 fasting samples obtained from volunteers at NC State. To obtain gold standard LDL-
C values, the plasma samples were fractionated by ultracentrifugation to remove VLDL (beta
quant procedure) and the chemical LDL-C was calculated as the difference between the TC
and HDL-C in the bottom fractions. The correlation coefficients for HDL-C and LDL-C were
0.96 and 0.94, respectively. For triglyceride, the correlation was 0.98. Studies providing

further validation of the NMR lipoprotein assay are presented in Chapter 3.
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Figure 2.7 Relations of LDL-C and HDL-C between NMR and beta quantification.
The graphs show the line of identity and measured correlation coefficient and regression
equation. (To convert mg/dL to mmol/L, multiply by 0.0259).
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Background: The measurement of blood lipid levels has been central to the clinical
prediction of coronary heart disease (CHD) for many years. Traditionally, plasma lipid and
lipoprotein lipid concentrations have been measured chemically, but several recent studies
have established that lipoprotein subclass particle concentrations measured by proton nuclear
magnetic resonance (NMR) spectroscopy are a superior predictor of risk for CHD (1-6). The
NMR lipoprotein assay directly measures the particle concentrations of lipoprotein
subclasses of different size and, from this information, the average particle sizes of the major
lipoprotein classes. A description of the NMR lipoprotein particle assay and the results of
studies that provide analytic validation of the method are reported here.

Methods: Lipoprotein subclasses were isolated from human plasma using a combination of
ultracentrifugation and agarose column chromatography. The purified subfractions were

characterized by NMR, lipid analysis, gradient gel electrophoresis (GGE), and electron

microscopy. The proton NMR spectra of plasma samples were deconvoluted as linear
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combinations of the purified lipoprotein subclass spectra using non-negative least squares
analysis.

Results: NMR-determined particle sizes correlated well with those estimated by GGE. Total
LDL particle concentration measured by NMR was shown to be highly correlated with LDL
apolipoprotein B levels measured by immunoassay. Standard addition tests established the
linearity range and robustness of the assay. Intraassay and interassay precision data
demonstrated that NMR-derived lipoprotein particle concentrations and sizes are
reproducible. Normal ranges and intercorrelations for all of the NMR-determined lipoprotein
parameters were determined.

Conclusion: The NMR LipoProfile assay provides for a robust, accurate and precise tool for
the measurement of lipoprotein parameters important in the assessment of CHD risk. Particle
concentrations of 10 lipoprotein subclasses can be rapidly generated with good analytical

precision and accuracy.

Lipoproteins play a key role in the development of coronary heart disease (CHD). The
assessment and management of CHD risk has been invariably tied to the measurement of
cholesterol carried by lipoprotein particles, primarily due to the ease with which cholesterol
can be measured using standard chemical assays. However, the total cholesterol in blood
plasma has turned out to be an unreliable predictor of an individual’s risk for CHD, and the
need for measuring the very low density, low density and high density lipoprotein (VLDL,
LDL and HDL) classes has emerged with the understanding that these major lipoprotein
classes have differing associations with heart disease risk. For example, it has been

established that while LDL and VLDL are positively associated with CHD, the risk
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association is reversed for HDL, with higher levels of HDL affording protection against heart
disease. Furthermore, the lipoprotein particles of different size (subclasses) that make up
each major lipoprotein class appear to have different CHD risks associated with them. These
observations have led to the motivation to develop an analytical tool to quantify VLDL, LDL
and HDL subclasses in a more automated and efficient manner than provided by existing
separation-based methods, which are relatively laborious and time-consuming.

Traditionally, lipoprotein subclass concentrations have been measured by separating
the lipoprotein fractions either by density, typically using density gradient
ultracentrifugation, or by size, using gradient-gel electrophoresis. Both methods are labor
intensive and therefore relatively costly, and produce data of limited precision. Even
measurement of the concentrations of the main lipoprotein classes by traditional methods is
somewhat problematic analytically. Despite its clinical importance, the LDL cholesterol
(LDL-C) concentration is difficult to measure chemically, and the most common method
employed in most clinical laboratories is to estimate the LDL-C concentration using the
Friedewald approximation (7), in which LDL-C is calculated from a measurement of total
cholesterol (TC), HDL cholesterol (HDL-C) and total triglycerides (TG) in a fasting blood
sample. The need for a fasting specimen, the requirement for TG to be under 400mg/dL, the
heterogeneity of TG content of VLDL, and the cumulative error from the measurement of
three different parameters all diminish the reliability of LDL-C derived from the Friedewald
relationship. Despite these considerable analytical disadvantages, the National Cholesterol
Education Program (NCEP) guidelines have made treatment goals for LDL-C measured in
this way the centerpiece of national recommendations to reduce CHD risk in the U.S.

population. Unfortunately, the uncertainty in LDL-C measurements has complicated these
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guidelines to the extent that physicians are encouraged to consider non-HDL cholesterol
levels (TC - HDL-C) as an alternate target for therapy (8).

In the early nineties we introduced a nuclear magnetic resonance (NMR)
spectroscopic method as an alternative analytical tool for the measurement of lipoproteins in
blood plasma and serum (9-11). This method enabled the rapid quantification of several
lipoprotein classes and subclasses and determination of the average VLDL, LDL, and HDL
particle sizes, all without requiring any physical separation of the different lipoproteins. The
NMR method is based on the observation that the protons (hydrogen nuclei) in triglycerides,
and cholesterol esters, and phospholipids experience differences in chemical shift which
depend on the diameter of the lipoprotein particles in which they reside. These differences
are attributable to variations in anisotropic magnetic susceptibility resulting from the
orientational order of the phospholipid shells of different size that surround the neutral lipid
core (12).

Deconvolution of the lipid methyl signal envelope of the plasma spectrum as a linear
combination of the amplitudes of the methyl signals from a library of stored standard
subclass spectra results in the determination of the quantitative contribution made by each
subclass to the composite plasma spectrum. In order to perform this analysis, a representative
library of VLDL, LDL, and HDL subclass standards needed to first be isolated and
characterized chemically and physically, as well as by NMR analysis to provide the needed
reference spectra for the computational deconvolution.

The lipoprotein subclass information from the NMR assay was made available for
clinical use in the United States in 1999 in the form of the NMR LipoProfile® test report

(11,14). Briefly, the report contains the following four sections: Lipoprotein Panel, Risk
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Assessment Panel, Subclass Levels and NMR-Derived Lipid Values. The NMR-derived lipid
values for TC, TG, LDL-C and HDL-C are computed from the total lipid values for a given
subclass, based on the assumption that the normal triglyceride:cholesterol ratio of a particular
subclass is invariant in the population, and are expressed in familiar mg/dL lipid units. The
panel also highlights the risk status of the patient according to the NCEP guidelines. The
Lipoprotein Panel section contains the emerging risk factors LDL particle number, large
HDL and large VLDL subclass levels, and average LDL particle size with pattern A/B
classification. The section of the report titled Subclass Levels gives the concentrations of
large, medium and small VLDL, LDL and HDL along with IDL in a bar chart format, while
also depicting the concentrations as percentiles of population data based on results from the
Framingham Offspring Study. The Risk Assessment Panel section contains check boxes that
identify the patient as having higher risk, based on the four parameters in the Lipoprotein
Panel and the presence of lipoprotein traits associated with the metabolic syndrome or
atherogenic dyslipidemia. In the last five years, physicians have ordered and obtained over
one million NMR LipoProfile tests.

The NMR assay has been improved significantly from the time of its initial
introduction. Instead of using four major lipoprotein subclass spectra that were digitally
shifted to cover the span of size ranges from large VLDL to small HDL, more than 30
discrete purified subcomponents have now been included as a basis set. The exclusive use of
real lipoprotein components isolated from normal and dyslipidemic subjects covering the
lineshape and size heterogeneity of the general population has markedly improved the quality

of the lineshape analysis and the accuracy of the NMR assay.
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In this paper we report results which establish normal ranges for all lipoprotein
subclass particle concentrations, since, as previously stated, they are the parameters which
exhibit the highest predictive value for the diagnosis of CHD. In addition, we present data
which shows a strong correlation between LDL particle concentration and LDL apoB
concentration. Good agreement for LDL and HDL particle sizes between NMR and GGE is
also established. The merits of using NMR-derived total triglycerides and HDL-C in place of
chemically measured lipids is presented. Finally, the results of standard addition experiments
and precision studies are described which demonstrate the analytical robustness of the NMR

assay.

Materials and Methods
BLOOD SAMPLES
Blood was collected in commercially available evacuated tubes containing EDTA from
healthy volunteers after 10 to 14-h fasting. For harvesting chylomicrons, blood was drawn 1
to 3-h after a fat load (15). Informed consents were obtained following protocols approved by
the committee for protection of human subjects of the NC State University. Plasma was

separated by centrifugation (2000xg, 15 min) and kept refrigerated at 4°C.

LIPOPROTEIN ISOLATIONS

Lipoprotein preparations were obtained by sequential ultracentrifugation as previously
described (9,16). For the purposes of generating highly purified lipoprotein subfractions with
very narrow size distributions, a combination of ultracentrifugation and agarose gel filtration

chromatography were used following procedures modified from Rudel (17) and Sata (18).
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Briefly, the d(1.006-1.225) kg/L plasma fraction loaded on A-15 agarose columns yielded
baseline separations of LDL and HDL. The LDL- and HDL-containing tubes were pooled
separately, concentrated and loaded back on A-15 or A-1.5 columns, respectively, for further
purification of the LDL and HDL. In some cases the first half and second half of the LDL
and HDL peaks were rechromatographed on their respective columns to achieve greater
purity of the individual subfractions. The fractions eluting on either side of the main peaks
were considered to have the greatest subclass homogeneity (Figure 1). Once isolated, the
individual fractions were concentrated by ultrafiltration to 0.5-1mL and refrigerated prior to
characterization by NMR, chemical lipid analysis, and gradient gel electrophoresis or

electron microscopy.

CHEMICAL ANALYSIS

Chemical lipid analysis for TC, TG and HDL-C was performed enzymatically on a Bayer
RA-1000 analyzer at the Lipid Analytic Laboratory at the Wake Forest University School of
Medicine (Winston Salem, NC). All TG analyses were performed with glycerol blanking.
Apolipoprotein B (apoB) measurements were conducted on a Beckman Synchron CX-7
(Beckman Coulter Inc., Fullerton, CA) analyzer using a commercially available turbidimetric

immunoassay (Wako Chemicals, Osaka, Japan) ( 19).

GRADIENT GEL ELECTROPHORESIS
Nondenaturing gradient gel electrophoresis (GGE) was used to characterize isolated HDL
subfractions at the laboratory of Dr. Larry Rudel at Wake Forest University School of

Medicine (17, 20). Further GGE analyses of plasma samples and LDL and HDL preparations
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for the standard additions study were performed in Dr. David Rainwater’s laboratory at the

Southwest Foundation for Biomedical Research (San Antonio, TX) (21, 22, 23).

ELECTRON MICROSCOPY

Lipoprotein particle size measurements of purified VLDL and LDL subclasses were
determined at the Center for Electron Microscopy at North Carolina State University using a
JEOL 100S (Peabody, MA) transmission electron microscope. Samples were prepared
following negative staining procedures described by Forte (24). Mean diameters were

derived by counting at least 200 lipoprotein particles measured on two or more grids.

NMR SPECTROSCOPY

Proton NMR spectra of all plasma samples and isolated lipoprotein subclasses were acquired
on 400 MHz Avance spectrometers (Bruker Bio-Spin, Billerica, MA) at the CLIA approved
facilities of LipoScience Inc., (Raleigh, NC). The NMR system was supplied with a special
INCA (integrated NMR chemical analyzer) enclosure consisting of an actively shielded
magnet, an automatic Gilson-215 (Madison, WI) sample handler and a flow probe with a
120uL active volume. All NMR measurements for lipoprotein analyses were performed at
47°C; the flow path was heated to minimize the time needed for temperature equilibration of
the sample inside the probe. Automatic sample handling methods and procedures developed
in-house function in tandem with Bruker’s ICON NMR software module. Sample
preparations were executed automatically by a Tecan Genesis RSP-100 (Tecan US, RTP,

NC) aliquotting station.
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NMR acquisition conditions were similar to previous descriptions (9, 10, 25). For
routine NMR LipoProfile analysis of plasma and serum samples NMR data were acquired
unlocked in 5 blocks of two scans each. For isolated lipoprotein components with relatively
low lipid content, samples were run locked acquiring 16-128 scans in a single block. The
methyl peak of a trimethyl acetate standard (TMA) was integrated and the area used to
correct for day-to-day variations in spectrometer sensitivity and to normalize the results of
multiple spectrometers and flow probes. Aliquots of two levels of serum control material
were analyzed in the automation mode under identical conditions to that of the analysis of the
test samples. The serum control materials were purchased from Soloman Park Research
Laboratories (Kirkland, WA) where the two pools were prepared encompassing high and low
ranges of lipid levels. The NMR LipoProfile results obtained for the serum controls were the

input for Westgard’s multirule quality control procedures (26, 27).

DECONVOLUTION
The lipid methyl region, from 0.914 to 0.718 ppm, was the spectral region employed for
deconvolution of the experimental NMR lineshape. The experimental spectrum was modeled
as a linear combination of over 30 lipoprotein subcomponent spectra obtained as described
above. Contribution of each subcomponent NMR lineshape in the basis set to the lineshape
of the experimental spectrum was determined by singular value decomposition (28, 29, 30),
constrained so that concentrations could not be less than zero.

Previously, 16 lipoprotein subcomponents consisting of chylomicrons, 6 VLDL (V1-
V6), IDL, 3 LDL (L1-L3), and 5 HDL (H1-H5) were used as reference spectra. In the current

embodiment (NMR LipoProfile-11) the number of subcomponents has been expanded to more
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than 30 to give a better representation of the continuum of particle subspecies present in
plasma. By appropriate grouping and summation of the levels of the expanded subcomponent
set, concentrations for 10 lipoprotein subclasses (large, medium, and small VLDL, LDL, and
HDL, plus IDL) are obtained. The diameter ranges for the new grouping of subclasses are
given in Table 1.

To relate the measured subclass signal amplitudes to subclass particle concentrations
(numbers of particles per unit volume, expressed as moles of particles per liter), a set of
conversion factors was derived using the calculated particle concentration of each lipoprotein
subclass standard whose methyl NMR signal is part of the spectral deconvolution library. As
described earlier, when each of these subclass standard samples was isolated, independent
determinations were made of particle size distribution and lipid composition. The particle
concentration of each subclass sample was calculated by taking the measured concentration
of core lipid (cholesterol ester plus triglyceride) and dividing the volume occupied by these
lipids (based on their partial specific volumes) by the volume of the subclass particle core, as
estimated from the measured mean subclass particle diameter. These calculations make use
of existing knowledge about the commonality of lipoprotein structure linking particle
diameter to lipid content (13, 33), and hence to the expected amplitude of the NMR signal

emitted by the lipid methyl groups of each subclass particle.

STANDARD ADDITION STUDIES
Plasma samples were spiked with varying amounts of purified subclass preparations of large
and small VLDL, LDL and HDL. The sizes of the large and small LDL and HDL were

independently characterized by GGE. The elution profile from a size exclusion agarose A-50
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column was used to select a predominantly larger or smaller size dispersion of VLDL

subclasses. NMR analysis was done in the usual manner.

Results
LIPOPROTEIN CHARACTERIZATION
The lipoprotein components that form the basis set for the NMR LipoProfile analysis were
painstakingly isolated and characterized by physical and chemical methods including NMR
spectroscopy, electron microscopy, nondenaturing polyacrylamide gradient gel
electrophoresis and chemical lipid analysis. Figure 1 shows the gel filtration profile of a
typical isolation of LDL and HDL, from a plasma sample from which VLDL (d<1.006 kg/L)
and plasma proteins (d>1.225 kg/L) had first been removed by 2 preparative
ultracentrifugation separations. The LDL and HDL were well separated on the A-15 agarose
gel column (Figure 1A). The fractions containing LDL were pooled, concentrated and re-
chromatographed on the A-15 column, further purifying the LDL. The fractions eluting on
either side of the main peaks were individually retained for further characterization, since
they contain a relatively narrow size distribution of subclass particles. (Figure 1B).

The mean particle diameters of the purified subcomponents of VLDL and LDL
subclasses were measured by electron microscopy. Representative electron micrographs of
isolated samples containing predominantly medium-size VLDL, small VLDL and large LDL
subclasses are shown in Figure 2A. Mean diameters were derived by measuring the diameters
of at least 200 lipoprotein particles. The measured frequency distribution of the particle

diameters for these three subcomponents are illustrated in Figure 2B. The mean particle
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diameters were 40.2 6.6 nm, 30.6 3.5 nm and 22.6 2.5 nm for the medium VLDL, small
VLDL and large LDL, respectively.

NMR analyses were done on the purified subfractions as described earlier. The
relationship between the lipoprotein particle diameters as determined by electron microscopy
or gradient gel electrophoresis and proton NMR chemical shifts (line position) is depicted in
Figure 3. The relative shifts (compared to smallest HDL) of lipoprotein subfractions of
VLDL (V6-V1), IDL, LDL (L3-L1), and HDL (H5-H1) subclasses increase as a function of
particle diameter. Signals from larger particles appear downfield (higher frequency) from
those of smaller particles. The relationship also illustrates that the resolving power of NMR
is greater for the VLDL and HDL subclasses than for the LDL subclasses.

NMR spectra of the fully characterized lipoprotein subfractions were then
incorporated into the spectroscopic analysis model for determination of lipoprotein subclass
concentrations from spectra of whole plasma. The diameter ranges for lipoprotein subclasses
measured by NMR LipoProfile analysis are given in Table 1. The ten subclasses of
lipoproteins that can be quantified with acceptable precision by NMR LipoProfile-11 analysis
are: large, medium and small VLDL, IDL, large, medium-small and very-small LDL, and
large, medium and small HDL. The NMR spectra of the methyl region of representative
lipoprotein subclasses that form the basis of the NMR LipoProfile-1I analysis model are
depicted in Figure 4. The small but distinct differences in both the lineshape and chemical

shift going from the larger to the smaller subclasses are easily discernable.
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FIGURE 1
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Figure 1. Lipoprotein purification using agarose gel filtration.

(A) Agarose gel filtration profile on a A-15 column of the density 1.006-1.225kg/L fraction
of a plasma (30mL) consisting of LDL and HDL. The VLDL and plasma proteins were
removed beforehand by ultracentrifugation. The absorbance at 280 nm was plotted for
successive 3 mL fractions eluting from the column. (B) Purification of LDL subclass
components on A-15 column. Fractions 60-81 from A were pooled, concentrated and re-
loaded on the A-15 column. Subclasses with homogeneous size dispersions appearing on the
wings of the major peak were individually concentrated and characterized by NMR. The
HDL fractions were further purified on a A-1.5 column in a similar way (profile not shown).
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FIGURE 2
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Figure 2. Electron microscopy for three purified lipoprotein components.

(A) Transmission electron micrographs (JEOL 100S) of three lipoprotein components
separated and purified by combination of ultracentrifugation and agarose column
chromatograpghy: a medium VLDL, b small VLDL, ¢ large LDL. Samples were diluted with
saline to approx. Img/mL and applied on 200-mesh Formvar-carbon-coated grids and stained
with 2% sodium phosphotungstic acid (PTA). Total magnification x135,000.

(B) Frequency distribution as a function of particle diameter for the medium VLDL, small
VLDL and large LDL particles pictured in figure 2 A. Diameters on the photographs were
measured using a HiPad Digitizer counting 200 particles to generate the frequency
distribution and mean diameters. The particle diameters (mean + SD) for the three lipoprotein
components were 40.2 £+ 6.6 nm for the medium VLDL, 30.6 + 3.5 nm for the small VLDL,
and 22.6 £ 2.5 nm for the large LDL.
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FIGURE 3
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Figure 3. Relationship between lipoprotein particle diameter and relative NMR chemical
shift.

Relative shift of proton NMR signals of purified lipoprotein subfractions are plotted against
the lipoprotein particle diameters determined by electron microscopy or gradient gel
electrophoresis. Signals from larger particles appear downfield (higher frequency) from those
of smaller particles (H, L, and V designate subfractions of HDL, LDL, and VLDL,
respectively).
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FIGURE 4
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Figure 4. NMR spectra of purified lipoprotein components in the LipoProfile-II analysis
model.

'H NMR (400MHz) spectra were recorded for purified lipoprotein components at 47°C. The
methyl resonance signal is plotted here for 10 lipoprotein subcomponents representative of
the basis set in use. The VLDL subclasses (top, in blue), LDL subclasses (middle, in red) and
HDL subclasses (bottom, in green) are plotted with vertical offsets between the 3 major
subclasses for easy viewing. VL=large VLDL, VM=medium VLDL, VS=small VLDL,
IDL=intermediate density lipoproteins, LL=large LDL, LMS=medium-small LDL,
LVS=very-small LDL, HL=large HDL, HM=medium HDL and HS=small HDL.
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Table 1: Diameter Ranges for Lipoprotein Subclasses
Measured by NMR

NMR Lipoprotein Parameter Diameter Range (nm)
VLDL
Large VLDL/Chylos >60
Medium VLDL 35-60
Small VLDL 27-35
LDL
IDL 23-27
Large LDL 21.2-23
Small LDL 18-21.2
Medium-Small LDL 19.8-21.2
Very-Small LDL 18-19.8
HDL
Large HDL 8.8-13
Medium HDL 8.2-8.8
Small HDL 7.3-8.2

NMR SIGNAL AREA AND LIPID MASS CONCENTRATIONS

The proton NMR measurement of plasma culminates in a direct quantification technique for
the total lipid mass concentrations. The CH; (methyl) region of the NMR spectra of
lipoproteins consists of signals emanating from the terminal CHj; protons of triglycerides and
cholesteryl esters (CE) of the core and the phospholipids of the shell. Figure 5 demonstrates
the relationship of NMR peak area and chemically determined lipid mass concentrations. A
total of 14 LDL samples were isolated from subjects with a wide range of TC/TG ratios (2.7
— 8.7) for which the cholesterol and TG concentrations were measured chemically. The
methyl NMR signal area correlates well with cholesterol concentrations, r=0.967 (Figure

5A). The correlation further improved significantly to 0.995 when the total lipids (TC+TG)
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measured in the isolated LDL fractions were plotted against the NMR signal area (Figure
5B), underlining the capacity of NMR to quantify the total number of CHj protons

encapsulated in the lipoprotein particle regardless of its lipid composition.
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Figure 5. Correlation of NMR signal area to chemical lipids for LDL samples.

LDL samples (n=14) isolated by sequential ultracentrifugation, d(1.006-1.063)kg/L, were
subjected to NMR and chemical lipid analysis. (A) NMR methyl signal areas show linear
relationship to the cholesterol carried by LDL, r = 0.967. (B) NMR methyl signal areas
correlate even stronger with the total lipid mass (CHOL + TG), r = 0.995.

STANDARD ADDITION STUDIES: SPECIFICITY AND LINEARITY OF
RESPONSE

As a way of assessing the accuracy of the NMR LipoProfile-I1 analysis results in quantifying
lipoprotein levels and size distributions, standard addition studies were conducted where
plasma samples were spiked with known amounts of purified lipoprotein subclasses. Purified

lipoprotein preparations that consisted of predominantly large or small subclasses of VLDL,

LDL or HDL were quantitatively added to plasma, and NMR LipoProfile-1l analysis was
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carried out. The large and small LDL and HDL size preparations were characterized by

gradient gel electrophoresis, as depicted in Figure 6.
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Figure 6. GGE analysis of large and small LDL and HDL used for spiking studies.

(A) Non-denaturing polyacrylamide gradient gel electrophoresis (GGE) scan. Twelve
microliters of isolated large LDL, small LDL, large HDL and small HDL (lanes 1,2,3,4
respectively) were applied on to a 3-31% gradient gel. After electrophoresis the gel was
stained for lipid with Sudan black B. (B) Laser densitometer scans of the large and small
LDL bands in lanes 1 and 2 showing a predominantly large (27.5 nm) and predominantly
small (25.6 nm) LDL fractions. (C) Densitometry scans of HDL bands in lanes 3 and 4 show
large (10.6 nm) and small (8.4 nm) HDL fractions.
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The large and small lipoprotein subclasses were isolated from plasma of two donors
known to have either large or small subclasses, respectively. A combination of
ultracentrifugation and agarose column separations were used as described in the methods.
The gel and densitometer scans in figure 6 clearly show the size separation between the two
LDL fractions (27.5 nm vs 25.6 nm) and similarly between the two HDL preparations (10.6
nm vs 8.4 nm). There is, however, some overlap between the particles present in the large
and small lipoprotein subclass stock solutions, in particular for the LDL sample (fig. 6B).
The NMR-determined average particle sizes for the stock subclass samples were 21.4 nm and
19.5 nm for the large and small LDL samples, and 10.7 nm and 8.2 nm for the large and
small HDL samples, respectively. The LDL particle sizes determined using electron
microscopy are consistently measured to be 5 to 6 nm smaller than when they are calibrated
with GGE analysis (31, 32, 33). The agreement between average particle sizes for isolated
LDL and HDL preparations determined by NMR and GGE (Rainwater’s lab) is excellent.
The two VLDL preparations used in the spiking study were characterized as consisting
predominantly of large and small particles by their separation by agarose gel column
chromatography, as well as by NMR. The NMR-determined particle size for the large VLDL
was 70.0 nm, and 40.8 nm for the small VLDL. The small VLDL, while devoid of any large
VLDL, contained a mix of medium and small VLDL particles, and as such the combined
medium/small particle concentrations will be used as input for analysis of samples spiked
with this VLDL stock.

Fasting plasma was aliquoted and an increasing amount of large or small lipoprotein
stock solutions were added along with plasma diluent buffer maintaining the total volume

and original concentration of the experimental plasma. The matrix varied from pure plasma
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to plasma mixed with varying amounts of a particular lipoprotein subclass to pure subclass.
NMR analysis was done in the usual manner and chemical lipid analysis for TC, TG, HDL-C
and direct LDL-C was also performed. The particle concentrations determined by NMR
analysis of the individual lipoprotein stock solutions were used to estimate the amount of
lipoprotein particles added into the matrix.

Figures 7A-D and 8 A-B show the results of the standard addition experiments. The
lipoprotein subclass being added is plotted on the bottom x axes in particle concentration
units (nanomoles/L for VLDL and LDL, and micromoles/L for HDL). The NMR-measured
total particle concentrations (VLDL-P, LDL-P and HDL-P) of the type of subclass added is
plotted on the y axes. The plots exhibit excellent linearity for the NMR Lipoprofile assay over
a wide range of lipoprotein concentrations. The correlations between the added lipoprotein
subclass and the detected lipoprotein concentrations ranged from 0.994 to 0.999 (fig. 7A-D,
fig. 8A, 8B). To give perspective for the linearity with respect to physiologically relevant
ranges, the chemically-measured concentrations in mg/dL of the lipids are presented on the
top x axes. For the standard additions of VLDL subclasses the total TG levels (fig. 7A, 7B),
for LDL additions the LDL-C levels (fig. 7C, 7D), and for the HDL additions the HDL-C
levels (fig. 8A, 8B) are given on the top x axes. For example, in fig. 7A, the addition of large
VLDL particles (up to 65 nmol/L) established that the linearity is maintained at least up to
600 mg/dL of total triglyceride concentrations. Similarly, in figure 7C, the enrichment in
small LDL particles up to 4000 nmol/L encompassing LDL cholesterol concentrations of at

least 400 mg/dL did not affect the accuracy of the NMR assay.
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FIGURE 7
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Figure 7. Standard addition plots — Spiking plasma with VLDL and LDL.

Plots of NMR determined subclass particle concentrations versus known concentrations of
large and small size lipoprotein stock added to plasma: Addition of (A) large VLDL, (B)
medium-small VLDL, (C) large LDL and (D) small LDL, all added particle concentrations
on bottom x axes. The chemically determined TG (A, B) and LDL-C (C, D) are represented
on the top x axes. The linear correlations of NMR measured lipoprotein concentrations to the
concentrations of added lipoproteins are very strong with r > 0.99.

69



The bar graphs shown in the lower halves of figures 8 A and 8B show the changes to
the distribution of large and small HDL particle concentrations as increasing amounts of
large HDL (fig. 8A) and small HDL (fig. 8B) are added to plasma. The first data point shows
that the pure plasma before spiking has a relatively low concentration (4.8 umol/L) of large
HDL (HL, solid bar) and a significant amount (24.2 pmol/L) of small HDL (HS, cross-
hatched bar). With the addition of large HDL, the NMR-detected large HDL concentrations
steadily increase while the concentration of the small HDL is not altered significantly (fig.
8A). Similarly when the plasma is spiked with small HDL (fig. 8B) the NMR-measured
small HDL increases linearly while the NMR-detected large HDL concentrations remain
relatively constant. Again the top axis with chemical HDL-C concentrations shows that the
NMR method’s subclass specificity is maintained up to HDL-C concentrations of 200mg/dL,

a good measure above the normal upper range of physiological levels.
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FIGURE 8
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Figure 8. Standard addition plots — Spiking plasma with HDL.

Plots of NMR determined HDL subclass particle concentrations (HDL-P, @) versus known
concentrations of large (A) and small (B) HDL lipoproteins. The chemically determined
HDL-C is represented on the top x axes. The correlations between NMR measured HDL-P
concentrations and added HDL particles are very strong, r > 0.99. The bar graphs represent
the distribution of large (HL, I) and small (HS, @) HDL particle concentrations.
Concentrations of HL and HS change linearly when large or small HDL is added, or remain
constant when the added fraction does not contain HL or HS attesting to the specificity of the
NMR LipoProfile test.
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The qualitative accuracy of NMR-determined average particle sizes for VLDL, LDL
and HDL subclasses is demonstrated in figure 9A-B. In figure 9A, NMR-measured VLDL
size is plotted against the quantity of large VLDL added (upper curve and top x axis) and
against the amount of medium-small VLDL added to the plasma (lower curve, bottom x
axis). The progressive addition of large VLDL increases the average VLDL particle size
from 46.2 nm to 69.4 nm, approaching the size (70.0 nm) of the large VLDL stock (fig. 9A,
upper). Similarly, when medium-small VLDL is added, the average VLDL particle size of
the plasma mixture decreases from 46.2 nm to 40.9 nm, approaching the size of 40.8 nm
determined for the small VLDL stock (fig. 9A, lower). Figure 9B illustrates the effect of
LDL and HDL particle size as large LDL and large HDL were added to plasma. As expected
the NMR-determined LDL particle size increases from 20.2 nm to 21.5 nm (fig. 9B upper
curve) upon addition of large LDL. A similar trend is observed when large HDL is added
(fig. 9B, lower curve) where the average particle size for HDL increase from 8.7 nm to 10.5

nm.
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FIGURE 9
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Figure 9. NMR response to size perturbations induced by spiking.

(A) Effect of adding large ( A top curve, top x axis) or small (e lower curve, bottom x axis)
VLDL to plasma results in increase or decrease, respectively, of NMR determined particle
size of VLDL as anticipated. (B) Spiking with large LDL ( Atop curve, top X axis) or large
HDL (elower curve, bottom x axis) results in progressive increase of NMR determined
average particle sizes for LDL and HDL subclasses, conforming to the expected trend.
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COMPARISON OF LDL AND HDL PARTICLE SIZE DISTRIBUTIONS
DETERMINED BY NMR AND GGE

The NMR LipoProfile analysis of plasma generates average particle sizes for the lipoprotein
subclasses of VLDL, LDL and HDL. The particle sizes are reported in units of nm diameter.
The LDL size in particular as measured originally by GGE is considered to aid in the clinical
diagnosis of CHD risk. We conducted a comparison study of LDL and HDL size determined
by NMR and GGE. Fifteen fasting samples consisting of 8 serum and 7 plasma specimens
were analyzed by NMR in the usual manner and another aliquot was sent to Dr. Rainwater’s
lab (Southwest Foundation for Biomedical Research, San Antonio, TX) for GGE analysis as
described in the methods section (21). The GGE analysis was performed in duplicate and the
values were averaged. The comparison between NMR- and GGE-determined sizes for LDL
and HDL is given in Figures 10A and 10B.

The LDL size correlation between the two methods is very good with r = 0.946 (fig.
10A). The NMR-derived LDL sizes, however, are uniformly lower than the GGE numbers.
The NMR particle sizes were originally calibrated against particle diameters measured by
electron microscopy. The fairly constant differences of 5-6 nm between electron microscopy
and GGE for LDL samples has been noted before (31-33). The mean values for the 15
samples are 20.69 nm for NMR and 26.50 nm for GGE. The NMR-determined HDL sizes
correlate extremely well with GGE sizes, with r = 0.953 (fig. 10B). The mean values for
HDL sizes for the two methods are nearly identical at 8.99 nm by NMR and 9.03 nm by

GGE.
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FIGURE 10
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Figure 10. Comparison of NMR and GGE sizes for LDL and HDL.
Average particle sizes determined by NMR and median particle diameter measured by GGE
correlate very well. (A) r = 0.946 for LDL, and (B) r = 0.953 for HDL. N=15.
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CORRELATION WITH CHEMICALLY MEASURED TG AND HDL-C

We have reported previously that the NMR-derived total triglycerides and HDL cholesterol
values correlate well with chemically measured TG and HDL-C for samples from normal
healthy volunteers (11, 14). In the current study it was extended to patient population
consisting of a mix of primary prevention patients without coronary disease and secondary
prevention patients with disease. A total of 255 patient samples received at LipoScience were
analyzed on the same day across 11 different NMR analyzers and also subjected to chemical
analysis for TG and HDL-C (homogeneous assay). Two samples with TG>1200 mg/dL were
excluded. The correlation plots for NMR-derived and chemically determined triglycerides
and HDL-C is given in Figure 11. The correlation for total triglycerides between the two
methods is excellent with r=0.978 (fig. 11A). Similarly good correlation is obtained for

HDL-C with 1=0.959 (fig. 11B).
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FIGURE 11
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Figure 11. Comparison of NMR-derived lipids to chemical lipids for TG and HDL-C.
Chemically determined total triglycerides and HDL-C (homogeneous assay) correlate very
well with NMR-derived TG and HDL-C. Line drawn is line of identity. N=253. (A) r = 0.978
for TG; regression line y=0.94x+2.7, and (B) r = 0.959 for HDL-C; regression line y=1.16x-
9.3.
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LDL PARTICLE CONCENTRATION AND APO-B

The LDL particle concentration expressed in nanomole per liter units is perhaps the most
clinically useful of all the information provided by the NMR LipoProfile test, based on
prospective CHD outcome studies. Since each LDL particle is known to have one apoB
molecule, the LDL particle concentration might be expected to correlate well with LDL apoB
level. However, in common clinical practice it is the plasma apoB level that is usually
measured, to avoid the ultracentrifugation step to remove VLDL. Though there is also one
apoB molecule on every VLDL particle, plasma apoB is considered to give a reasonably
good approximation of LDL particle numbers since LDL apoB always comprises at least
90% of total plasma apoB (19, 34, 35). A total of 29 fasting plasma samples were analyzed
by NMR to obtain LDL particle concentrations. Another aliquot of the plasma samples was
subjected to ultracentrifugal separation to remove VLDL. Total cholesterol, HDL-C and
apoB were measured in the bottom fractions. LDL-C was calculated as the difference
between the TC and HDL-C values in the bottom fraction. The plasma LDL particle
concentration measured by NMR is compared to LDL apoB and LDL-C in Figure 12.

The LDL particle number (LDL-P) correlates well with LDL-C, with r=0.846 (fig.
12A). There is, as expected, a better correlation between LDL-P and LDL apoB, r=0.928 (fig.
12B). In order to evaluate whether small LDL samples correlate differently than the large
LDL samples the data was separated based on NMR-determined LDL size (size>20.5 nm,
pattern A, n=18; size,<20.5 nm, pattern B, n=11). As seen in figure 10C, the correlations
between LDL-P and LDL apoB were enhanced when the pattern A and pattern B samples
were looked at separately, with correlation coefficients of 0.958 and 0.945 respectively. The

fact that the regression line for the samples with predominantly small LDL is shifted
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somewhat to the right compared to that for large LDL suggests that the apoB assay, relative

to the NMR assay, under-quantifies small LDL particles.
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FIGURE 12
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Figure 12. Correlation of NMR LDL Particle number with LDL apoB.

Relationships of NMR derived LDL particle number (LDL-P) with beta-quant LDL-C (A)
and beta-quant LDL apoB (B, C). n=29. LDL-P correlates better with LDL apoB than with
LDL-C (r=0.928 vs 0.846). (C) The correlations are even stronger when LDL size>20.5 nm
(pattern A) samples (n=18, r = 0.958) were compared separately from LDL size<20.5 nm
(pattern B) samples (n=11, r = 0.945).
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PRECISION STUDY

Precision studies were conducted to estimate the intraassay (within-run) and interassay
precision (or, total imprecision) of the NMR-measured lipoprotein parameters. Two plasma
pools were prepared, one with nominally high triglyceride and low HDL (pool A), and the
other with low TG and high HDL (pool B). The pools were aliquoted and frozen. The
intraassay precision was determined by thawing and analyzing 20 replicates of each of the
two pools on one instrument following standard protocols. The interassay precision was
evaluated by analyzing a frozen aliquot of each of the two pools for 20 consecutive days
across six different NMR analyzers. The results of both intra and interassay precision are
given in Table 2 separately for the two pools.

The total imprecision is only slightly worse than the intraassay imprecision. The CVs
for the particle concentrations of VLDL, LDL, and HDL classes are 4% or less and are
around 2% in most cases. The CVs for the individual subclasses (large, medium, and small)
making appreciable contributions to these totals are generally under 6%. The calculated
lipids of total TG, VLDL-TG and HDL-C are in the 1 to 2 % range. The LDL and HDL

particle sizes have CVs of about 0.5%.
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Table 2: Intraassay and Interassay Measurement Precision for NMR LipoProfile-11

POOL A
NMR Lipoprotein Intra-assay Precision® Interassay Precision’
Parameter (Units) Mean SD  %CV Mean SD  %CV
VLDL (nmol/L)

VLDL Particles (total) 94.2 1.3 1.4 96.5 3.0 3.1
Large VLDL/Chylos 10.1 0.2 24 10.0 0.5 5.1
Medium VLDL 47.5 1.5 3.2 48.6 2.0 4.1
Small VLDL 36.6 2.0 5.4 37.9 2.7 7.1

LDL (nmol/L)

LDL Particles (total) 1876 443 2.4 1913 390.4 2.1
IDL 94 9.7 10.3 89 11.6 13.1
Large LDL 509 324 6.4 522 33.1 6.3
Small LDL (total) 1273 70.8 5.6 1301 60.8 4.7

Medium Small LDL 233 12.7 5.4 238 10.9 4.6
Very Small LDL 1039 59.4 5.7 1063 50.8 4.8
HDL (umol/L)

HDL Particles (total) 33.2 0.4 1.2 33.6 0.5 1.5
Large HDL 7.7 0.4 5.6 7.6 0.4 59
Medium HDL 2.5 1.0 ok 2.8 0.9 ok
Small HDL 23.0 0.9 4.1 23.1 0.8 3.7

Mean Particle Sizes (nm)

VLDL size 63.9 0.5 0.8 63.1 1.1 1.8

LDL size 20.53 0.10 0.5 20.54 0.09 0.4

HDL size 8.57 0.04 0.5 8.56 0.05 0.6

Calculated Lipids (mg/dL)

Total Triglycerides 229 1.3 0.6 229 24 1.1

VLDL Triglycerides 180 0.7 0.4 180 2.7 1.5

HDL Cholesterol 46 0.5 1.1 46 0.8 1.8

! Intraassay measurement precision was based on analysis of 20 replicates of each of two plasma pools (A & B).
? Interassay precision (measure of total imprecision) was derived from the analysis of frozen aliquots of each of
two plasma pools for twenty days across 6 instruments.

** RSD (%cv) not reported since mean values for these parameters for the samples analyzed are very small and

similar to SD.
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Table2 .......... continued

POOL B
NMR Lipoprotein Intra-assay Precision® Interassay Precision’
Parameter (Units) Mean SD  %CV Mean SD  %CV
VLDL (nmol/L)

VLDL Particles (total) 48.8 3.1 6.3 49.5 2.8 5.7
Large VLDL/Chylos 1.9 0.3 ok 1.9 0.2 ok
Medium VLDL 14.8 1.6 10.7 15.6 1.8 11.7
Small VLDL 32.1 4.1 12.8 32.1 3.5 11.0

LDL (nmol/L)

LDL Particles (total) 1090 44.0 4.0 1109 47.5 4.3
IDL 7 6.8 o 6 6.4 ok
Large LDL 561 24.0 43 571 30.5 5.3
Small LDL (total) 523 62.4 11.9 532 70.2 13.2

Medium Small LDL 115 13.9 12.1 119 18.4 15.5
Very Small LDL 408 51.2 12.5 413 54.2 13.1
HDL (umol/L)

HDL Particles (total) 36.8 0.3 0.9 37.2 0.5 1.5
Large HDL 11.0 0.4 3.7 11.1 0.4 4.0
Medium HDL 1.5 0.7 ok 1.6 0.7 ok
Small HDL 243 0.6 2.7 24.6 0.7 3.0

Mean Particle Sizes (nm)

VLDL size 51.6 1.4 2.7 50.8 1.2 2.3

LDL size 21.55 0.12 0.5 21.54 0.12 0.6

HDL size 9.06 0.05 0.6 9.05 0.05 0.6

Calculated Lipids (mg/dL)

Total Triglycerides 87 1.5 1.7 88 1.8 2.1

VLDL Triglycerides 52 1.3 2.5 53 1.7 3.2

HDL Cholesterol 59 0.7 1.2 59 0.9 1.5

! Intraassay measurement precision was based on analysis of 20 replicates of each of two plasma pools (A & B).
? Interassay precision (measure of total imprecision) was derived from the analysis of frozen aliquots of each of
two plasma pools for twenty days across 6 instruments.

** RSD (%cv) not reported since mean values for these parameters for the samples analyzed are very small and

similar to SD.
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NORMAL RANGES AND INTERCORRELATIONS

Normal ranges for the parameters contained in the NMR LipoProfile-I1 report are given in
Table 3. The data were compiled from over 7300 randomly selected fasting patient plasma
samples analyzed at LipoScience in November/December, 2003. The patients come mainly
from the Southeastern U.S. and are a mix of primary prevention patients without coronary
disease and secondary prevention patients with disease. Ages range from 20-94 years, with a
median age of 58 years. Data are provided separately for men (n=4054) and women (n=3317)
along with the combined (Overall, n=7371) group. The mean and median values are reported
along with the normal ranges covering the 10™ to 90™ percentile.

Many lipoprotein subclasses are metabolically interrelated and as such their levels are
not independent of each other. To assist in evaluation and interpretation of NMR-derived
lipoprotein subclass particle data, intercorrelations among the 20 reportable parameters from
NMR LipoProfile-11 are provided in Table 4. The Spearman correlations are based on the data

from the same set of 7371 samples used to generate normal ranges.
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Table 3: Normal Ranges (10" — 90" percentile) for NMR LipoPofile-11 Parameters

Lipoprotein Parameter

Men (n=4054)

Women (n=3317)

Overall (n=7371)

Mean + SD Median Range Mean £ SD Median Range Mean +SD  Median Range
VLDL (nmol/L)

VLDL Particles (total) 84.8 +67.0 71.5 17.2-1629 | 68.1+62.5 546 83-141.0 773 +£65.5 64.0 12.3-154.0
Large VLDL/Chylomicrons | 3.4+ 8.9 0.8 0.1- 85 25+58 0.6 0.1-64 3.0+7.7 0.7 0.1-7.6
Medium VLDL 51.9+55.2 36.8 43-1149 473149 26.3 2.2-87.4 46.2 £52.2 31.2 3.0-103.8
Small VLDL 29.5+26.3 244  14-61.6 26.5+25.7 204 0-589 28.1 £26.0 22.8  0.5-60.3

LDL (nmol/L)

LDL Particles (total) 1535 +£490 1468 972 -2195 14894487 1419 949-2118 1514 + 489 1445 961 —2161
IDL 28 +£43 7 0-286 26 £45 0 0-286 27 +44 5 0-286
Large LDL 339 £ 241 297 70 — 657 524 + 289 496 172 -912 422 +279 381 99 -1792
Small LDL (total) 1169+ 542 1122 5161886 938 + 564 870 242 -1698 1065 + 564 1021  370-1818

Medium Small LDL 256 £ 116 246 119 — 402 212£123 200 63 -371 236 £ 121 228 88 -390
Very Small LDL 913 £433 874 393 - 1483 727 £ 447 675 172 — 1329 829 + 449 793 280 — 1425
HDL (umol/L)

HDL Particles (total) 28.1+6.7 27.8  19.9-36.5 334+7.7 33.0 242-435 305+7.6 30.1 21.2-403
Large HDL 53+3.5 4.6 1.6 -10.1 9.1+49 8.3 3.5-16.1 7.0+4.6 6.0 22-13.6
Medium HDL 23134 0.9 0-6.8 3.1+£4.0 1.5 0-8.8 2.7+3.7 1.1 0-7.8
Small HDL 20.5+53 216  14.0-269 21.2+6.1 21.0  13.7-28.8 20.8+5.7 20.8  13.9-27.8

Mean Particle Sizes (nm)

VLDL size 523+13.2 49.1  41.1-65.9 552+ 16.7 50.5  42.0-73.9 53.6+15.0 497 41.5-69.4

LDL size 20.4+0.8 20.3 19.5-21.5 21.0+£09 21.0 19.9-223 20.7+0.9 20.6 19.6 - 21.1

HDL size 8.7+04 8.7 83-93 9.0+0.4 9.0 8.5-9.6 8.9+04 8.8 8.4-95

Calculated Lipids (mg/dL)

Total Triglycerides 157 £ 135 123 57-281 134 £ 104 106 54 —237 146 + 122 115 55-261

VLDL Triglycerides 119 + 134 84 20 —-241 91 £103 62 13-190 106 + 122 75 16 —220

LDL Cholesterol 121 + 34 118 81— 164 132 £35 129 91-176 126 + 35 123 85170

HDL Cholesterol 40+ 14 38 25-57 54+ 18 52 34-79 46 £ 17 43 27-70
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Table 4: Inter-correlations Between Parameters in NMR LipoProfile-11 Report*

VLDLP| VL | VM| VS |LDLP|IDL| LL | LS [LMS|LVS|HDLP| HL | HM | HS | VZ | LZ | HZ |NTG|NVTG|NHDLC
VLDLP | --- S1 .9 .6 4 41 -4 5] 415 3-S5 -1 -5 -5-509 9 -5
VL 5 — 1 5] .1 2 41-20 3] 3|3 0 -4 1) 20 3]-3]-3|.7 i -2
VM 9 Sp-—-13 3 201-51 51 4|5 -3 | -50-1) .01 -4]-5]-5] 9 9 -4
VS .6 d7 31— 3 4 1-17 20 2|3 -2 -3 0.1 |-6|-2]-3]| 4 4 -3
LDLP 4 2033 - 13|-1]18] 8|9 -2 |-3/-1].1|-2-5]-5] 4 3 -4
IDL 4 41 2 4 3| -—-|-2] 4| 3 4] -1 ]-4|1].1]-1]-3]-4| 4 3 -3
LL -4 | -20-5]-1 -1 |-2|--1]-6]|-6|-5 4 10 -11 219 6|-4| -5 .6
LS 5 315 2 8 41-6|-(10|10 -3 |-6|-1|.1]-2|-8|-7| .5 S -.6
LMS 4 31 4] 2 8 31-6(10 - | 9| -3 |-5]-1|.1]-2]-8]-6| .5 ) -5
LVS ) 310503 9 4 (-5(10, 9 | —-| -4 |-6|-2|.1]-2]-8|-7| .35 ) -.6
HDLP -3 0O |-3(-2|-2|-1|4|-3|-3]|-4| - 6| 3] 6| 2|-1-2] 2 2 3
HL -5 | -41-5|-3 -3 |-4|.7|-6|-5]|-6 .6 -1 0 o 2|.7| .8]|-5 -.6 9
HM -1 dj-110} -1].1(0]-1]-11]-2 3 O |-—-1|-1].11].17]0 0 0 2
HS A 21 .11 .1 1 d -1 .1 .1 ] .1 .6 O (-1|-—-|01]-1|-2] 2 2 3
vz -5 31-41-6| -2 |-12]|-2]-2]-2 2 2.1 O (- 2] 3]-3 -3 3
LZ -5 | -3]-51-2] -5 (-3]9|-8-8|-8] -1 g1 -1 2] - .7-5 .6 i
HZ -5 | -31-51-3 -5 -4 6 |-T7|-6]|-T7| -2 1 0| -2] 3] .7|-1-5 -5 8
NTG 9 19 4 4 41-4]1 51 5] 5 2 500 20 -3)-5]-5] - 1.0 -4
NVTG 9 gT19) 4 3 31-5]1 51 515 2 -6 0| 2]1-3]6]-510| -- -5
NHDLC| -5 |-2|-4|-3| -4 |-3| 6]|-6]|-5]|-6 3 91 23137 8|-4] -5 -

'Spearman correlations, based on NMR analysis of 7,371 random fasting patient plasma samples performed at LipoScience in Nov/Dec 2003.

VLDLP = VLDL particles; VL = Large VLDL/Chylos; VM = Medium VLDL; VS = Small VLDL; LDLP = LDL particles; IDL =IDL; LL =
Large LDL; LS = Small LDL; LMS = Medium Small LDL; LVS = Very Small LDL; HDLP = HDL Particles; HL = Large HDL; HM = Medium
HDL; HS = Small HDL; VZ = VLDL size; LZ = LDL size; HZ = HDL size; NTG = NMR-calculated triglycerides; NVTG = NMR-calculated
VLDL triglyceride; NHDLC = NMR-calculated HDL cholesterol




Discussion

The NMR method of quantifying lipids and lipoproteins has been in existence since the early
nineties. The NMR LipoProfile test has been offered for patient care since 1999. Since its
original introduction in 1992 (9, 10) numerous improvements have been made to the
methodology. The purpose of this paper is to update the current status of the technology and
provide additional validation data for the methodology. As an emerging technology in the
coronary heart disease risk assessment arena, the initial focus was on its ability to provide
reliable cholesterol and triglyceride information despite the fact that the technique actually
measures lipoprotein particles, not lipids. There is no denying that good correlation is
observed between NMR-derived lipid values and chemical lipids. These correlations are in
the range of 0.91-0.95 for LDL-C, 0.93-0.97 for HDL-C, and >0.97 for TG (10, 11, 14).
However, it is becoming increasingly clear that the real strength of the NMR technology in
terms of its ability to aid CHD risk assessment derives from its ability to quantify numbers of
lipoprotein subclass particles. Evidence has been mounting in recent years that LDL particle
concentration predicts CHD risk better than LDL-C (36, 1-6). Subclass particle
concentrations of LDL and HDL have also been shown to explain the hitherto unexplained
gender differences in CHD risk in the Framingham Offspring Study (37).

Fundamentally, two phenomena make NMR quantification of numbers of lipoprotein
subclass particles possible: 1) Lipoprotein subclasses of different size in plasma emit
distinctive NMR signals whose individual amplitudes can be accurately and reproducibly
measured. 2) Measured subclass signal amplitudes are directly proportional to the numbers of
subclass particles emitting the signal, irrespective of variations in particle lipid composition. A

natural physical-chemical property of lipoproteins, related to the orientational order of the
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phospholipids in the particle shell (12), gives spectroscopic distinctness (ie., a unique
frequency and shape) to the NMR signals from the same lipid molecules packaged in larger
versus smaller lipoprotein particles. Only the diameter of the particle’s lipid shell determines its
spectroscopic properties; specifically, signals from larger particles appear downfield (higher
frequency) from those of smaller particles, as shown in Figure 3, for the proton NMR signals of
purified lipoprotein subfractions. The spectroscopic distinctness of a particular subclass (ie.,
how much its signal frequency and shape differ from those of its neighboring subclasses)
determines how accurately and reproducibly its signal amplitude (and hence its concentration)
can be determined via mathematical deconvolution of the measured plasma NMR signal, which
is the simple linear sum of the contributing signals from all of the lipoprotein subclasses.

It has already been described how, via plasma spectral deconvolution, the amplitudes of
the distinctive NMR signals emitted by different-size lipoprotein subclasses are measured.
How and why the amplitudes of these signals enable accurate quantification of numbers of
lipoprotein subclass particles will now be explained. The NMR signal used for subclass particle
quantification appears at ~0.8 ppm and originates in aggregate from the protons of all of the
terminal methyl groups of the triglyceride, cholesterol ester, phospholipid, and unesterified
cholesterol molecules in the particle. The cholesterol esters and triglycerides in the particle core
each contribute 3 methyl groups and the phospholipids and unesterified cholesterol in the
surface shell each contribute 2 methyl groups. A single lipoprotein particle contains many
hundreds of these lipid molecules. A large LDL subclass particle, for example, contains >3,000
lipid molecules with >8,000 terminal methyl groups and, thus, >24,000 methyl protons that
contribute to the detected NMR signal (33). Because the chemical environments of these

methyl groups in the four different types of lipid molecules are very similar, their signals
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overlap and each is indistinguishable from the others. As a result, variation of a particle’s lipid
composition has no discernable effect on the particle’s lipid methyl signal. Only the diameter
of the particle, as discussed earlier, imparts spectral distinctness to the signal.

The amplitude of the NMR signal emitted by each lipoprotein subclass particle is
determined by the total number of lipid methyl groups in the particle. If this number remains
effectively invariant in the face of normal variations in particle lipid composition, then the
NMR signal amplitude would retain its proportionality to particle number and could be relied
upon to provide accurate subclass particle quantification. If, on the other hand, the number of
methyl groups in a particle of given size varied substantially from person to person due to
variations in particle lipid composition, the amplitude of the methyl NMR signal would also
vary and could not be used as the basis for accurate lipoprotein particle measurement.

Among sources of lipid compositional variability that would be expected to have little
or no effect on the total number of terminal methyl groups contributing to the particle NMR
signal are differences in fatty acid unsaturation, phospholipid chemical heterogeneity, and
variations in the relative amounts of shell phospholipid and unesterified cholesterol. The
greatest source of lipoprotein lipid compositional variability is the CETP-mediated exchange
of core cholesterol ester for triglyceride in VLDL, LDL, and HDL. As a result of this
process, LDL (mainly from those with hypertriglyceridemia) can be substantially cholesterol-
depleted and triglyceride-enriched. To a close approximation, however, the number of methyl
groups in the particle remains constant, since a one-to-one exchange of a cholesterol ester
molecule for a triglyceride molecule removes 3 methyl groups and replaces these with 3 new
(indistinguishable) methyl groups. In reality, an exact one-to-one exchange does not occur,

since a triglyceride molecule occupies a larger volume than a cholesterol ester molecule (33).
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Taking this volume difference into account, it can be calculated that there is at most only a
3% difference in the number of methyl groups present in a cholesterol-rich compared to
cholesterol-poor LDL particle. Thus, the detected NMR signal amplitude of a lipoprotein
subclass remains effectively invariant in the face of lipid compositional variability, which
makes it a reliable and unique source of subclass particle quantification.

The original NMR spectral deconvolution incorporated a standard linear least-squares
analysis routine with a simple non-negative constraint, in which negative concentrations were
set to zero and each component with a negative contribution was removed from the model.
This resulted in a discontinuity in adjacent subclasses with several subclass concentrations
being reported as zero. The newer method uses a more sophisticated non-negative least
squares regression with singular value decomposition (30). This avoids setting subclasses
with low concentrations to zero and reflects known lipoprotein heterogeneity. The data
gathered from a multitude of clinical studies with disease end points and a large number of
normal samples have helped us to group the subcomponents of each major lipoprotein class
more logically, so that their concentrations have clinical meaning. The current output of the
NMR LipoProfile test includes particle concentrations of 10 lipoprotein subclasses, 3 each for
VLDL, LDL and HDL, and one for IDL, all of which can now be measured with a higher
degree of analytical precision.

Many lipoprotein subclasses are metabolically interrelated, and we used that
knowledge to appropriately group the more than 30 subcomponents. For example, in
agreement with results obtained using other subclass fractionation methods, the
intercorrelation data in Table 4 show that LDL and HDL size are strongly correlated (r=0.7)

and both are inversely related to triglyceride level (r=-0.5). Of special note is the very strong
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correlation (r=0.9) observed between the two smallest LDL subclasses, labeled LMS and
LVS, and the fact that each has very similar associations with all of the other lipoprotein
parameters. For this reason, it was considered appropriate to label both of these subclasses
“Small”: Medium Small LDL (formerly labeled Intermediate LDL) and Very Small LDL
(formerly labeled Small LDL). Grouping these two subclasses together into a single subclass
called “Small LDL” may simplify future outcome association studies and possibly provide
stronger relations with CVD. Another reason for providing the table is to help investigators
using NMR data for clinical trials to assess the data quality. Sample integrity is paramount
for the NMR LipoProfile test to work well and produce meaningful results. Improper storage
conditions (freezer temperatures warmer than -70°C, multiple freeze/thaw cycles etc.) can
deteriorate the physical properties of lipoproteins, resulting in breakdown of the expected
intercorrelations.

Normal ranges are provided from measurements conducted on over 7300 plasma
samples, again to establish reference ranges for lipoprotein subclass concentrations expressed
as particle concentrations. The separate normal range data for men and women reported in
Table 3 conforms to known male/female differences. For example, the median values for
small LDL particles are 1122 nmol/L for men, and 870 nmol/L for women. The median
value for the cardioprotective large HDL particles for men is nearly 45% lower than that of
women (4.6 vs 8.3 umol/L).

We have once again established that LDL and HDL particle sizes determined by
NMR LipoProfile analysis closely match those assessed by gradient gel electrophoresis. For
27 samples analyzed by GGE by Quest Diagnostics (San Juan Capistrano, CA) the

correlation for LDL size with NMR was 0.87 (data not shown). The split samples (n=15)
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analyzed by Rainwater’s lab (figure 10) showed a linear correlation (r=0.95) with NMR
results for both LDL and HDL size. This excellent correlation is probably due to the fact that
Rainwater’s laboratory provides a median particle diameter, similar to the average particle
size provided by NMR, as opposed to the peak particle diameter provided by Quest.

The validity of LDL particle concentrations determined by NMR was established by
data showing a linear relationship with LDL apoB levels (figure 12B) with 1=0.93. The
correlation plots separated by LDL size (figure 12C) where better correlations (0.96 for
pattern A, 0.95 for pattern B) were observed are worth a closer look. It is intriguing that the
regression line for small LDL (pattern B) samples is parallel to the pattern A samples, but
with uniformly lower numbers. It appears that compared to the particle concentration (LDL-
P) measured by NMR, the LDL apoB is under-estimated by the apoB assay for small LDL
samples. This may explain why LDL-P in several clinical trials gave better prediction of
CHD risk than plasma apoB. LDL subspecies differences resulting in apoB conformational
changes have been noted (33), which may affect the specificity of the immunoassay for large
versus small LDL particles, or compositionally different LDL particles.

Intraassay and interassay precision studies reported here showing 2-6% CVs for
difficult-to-measure subclasses elevates the NMR lipoprotein technology to the realm of
clinical assays. The excellent linearity and specificity data presented here substantiates the

accuracy and robustness of the technique.
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Measurement Issues Related to Lipoprotein Heterogeneity

James D. Otvos, Ph.D., Elias J. Jeyarajah, M.S. and William C. Cromwell, M.D.
LipoScience, Inc., Raleigh, North Carolina, USA.

Abstract: In clinical practice, the cardiovascular disease (CVD) risk associated with high levels
of LDL or low levels of HDL is assessed not by measuring LDL and HDL particles directly, but
by measuring the amount of cholesterol carried by these lipoproteins. It is not generally
appreciated how much the amount of cholesterol per particle varies from person to person,
especially for LDL, due to differences in the relative amounts of cholesterol ester and
triglycerides in the particle core as well as differences in particle diameter. As a consequence of
the magnitude and prevalence of this lipid compositional variability, even the most accurate
lipoprotein cholesterol measurements will, for many individuals, provide an inaccurate measure
of the number of circulating lipoprotein particles and the CVD risk they confer. Nuclear
magnetic resonance (NMR) spectroscopy offers an efficient new means of measuring lipoprotein
levels in plasma, with quantification based not on cholesterol content, but the amplitudes of
spectral signals emitted by lipoprotein subclasses of different size. Since the subclass signal
amplitudes are not influenced by cholesterol compositional variability, they provide a direct
measure of lipoprotein particle concentrations. NMR data from the Framingham Offspring Study
demonstrate a significant "disconnect” between LDL cholesterol and LDL particle
concentrations in patients with low levels of HDL cholesterol. The results imply that a
substantial portion of the excess CVD risk of patients with low HDL stems from an
unrecognized excess of LDL particles containing less cholesterol than normal. Patients with this
abnormality would benefit from LDL lowering therapy, but are not identified as candidates for
such treatment on the basis of traditional LDL cholesterol tests.

Am J Cardiol 2002;90(suppl):22i-29i
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Lipids and Lipoproteins

Assessment of cardiovascular disease (CVD) risk has traditionally been framed as a cholesterol
issue, not a lipoprotein issue. People are taught that there are two forms of serum cholesterol,
"bad" and "good,” and it is healthier to have less of the former and more of the latter. Some
people may know that the bad and good forms refer to LDL and HDL respectively, but few
understand that it is actually LDL and HDL particles that are functionally "bad" and "good", with
the cholesterol carried within the particles serving merely as a convenient surrogate marker for

the concentrations of these lipoproteins.

Thirty-five years ago, the surrogate relationship of lipids (cholesterol and triglycerides) to
lipoproteins was described in the landmark writings of Fredrickson, Levy, and Lees,* who noted
that ... all abnormalities in plasma lipid concentrations, or dyslipidemia, can be translated into
dyslipoproteinemia,” and “the shift of emphasis to lipoproteins offers distinct advantages in the
recognition and management of such disorders." The reason that lipids, rather than lipoproteins,
are the traditional focus of clinical attention was also discussed: "...there is no single test that
infallibly separates all those who have dyslipoproteinemia from those who do not....the majority
of laboratories still employ a combination of chemical measurements of plasma lipids for this

purpose.”

Laboratory management of dyslipoproteinemias has changed surprisingly little in the intervening
35 years, despite even better understanding of the key roles in atherogenesis played by
lipoprotein particles interacting with the arterial wall. > For reasons that are related primarily to

the difficulty of measuring lipoprotein particles directly, triglycerides continue to serve as a
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surrogate measure of VLDL levels, and LDL and HDL cholesterol values as indicators of the
concentrations of LDL and HDL particles. To be sure, few people regard the surrogate
relationship of lipids to lipoproteins as a clinical limitation because of the extensive body of data
showing that abnormal lipid levels are strongly related to atherosclerosis and CVD events.*® The
question to be asked, however, is whether the disease risk of individual patients might be
assessed and managed more effectively by measuring the lipoprotein mediators of the disease

process, rather than the lipids carried within them.

Although in the past it was difficult to quantify lipoprotein particles, we will describe later in this
article an efficient new method of lipoprotein analysis that uses the nuclear magnetic resonance
(NMR) signals emitted by lipoprotein particles of different size as the basis of their
quantification. Data will be presented showing that for many individuals LDL cholesterol values
do not accurately reflect the number of circulating LDL particles and the CVD risk associated
with them. This is the same problem described over 20 years ago by Drs. Sniderman,
Kwiterovich and coworkers based on measured differences in the ratio of apolipoprotein B
(apoB) to LDL cholesterol.® Coronary atherosclerosis was associated with elevated apoB levels
in individuals with normal LDL cholesterol, a condition termed hyperapobetalipoproteinemia.
The metabolic origins of the LDL compositional heterogeneity that produces this condition are
now well understood, and will be outlined below. Results from several recent clinical trials in
both primary and secondary prevention populations’*°support the contention that plasma apoB,
which provides a good estimate of LDL particle number, is a better index of atherosclerotic risk

than LDL cholesterol. ***2 Since other articles in this volume are devoted to the subject of apoB,
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we will focus here on new insights provided by NMR spectroscopy into lipoprotein particle

heterogeneity as it relates to cardiovascular disease risk prediction.

Prevalence and Metabolic Origins of LDL Cholesterol Compositional Variability

LDL cholesterol has been used for so long as the basis of quantifying LDL that physicians and
patients rarely bother to note the distinction. For example, it is common for someone to express
concern about "my LDL of 160 mg/dL" without worrying about the fact that it is a cholesterol
concentration they are talking about, not an LDL concentration. Why is this distinction
important? Because LDL particles from different individuals vary tremendously in the amount of
cholesterol they contain. As a result, a measured LDL cholesterol level of 160 mg/dL may or
may not be a valid reason for clinical concern, depending on whether the number of LDL

particles carrying the cholesterol is markedly elevated or not.

There are two independent sources of LDL cholesterol compositional variability and both are
related to plasma triglyceride (or VLDL) levels. ***> The first is variability in core lipid
composition, driven by reactions that modulate the relative amounts of cholesterol ester and
triglyceride contained within the neutral lipid interior of the particles. The second is variability in
particle size, since smaller particles contain less cholesterol than larger ones simply because of

the smaller physical volume of the lipid core.

The metabolic reactions responsible for producing cholesterol-deficient LDL particles are

outlined in Fig.1. When plasma triglyceride levels are elevated, even modestly, a reaction
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catalyzed by cholesterol ester transfer protein (CETP) becomes important, in which triglyceride
molecules from the core of triglyceride-rich lipoproteins (mainly VLDL) exchange one-for-one
with cholesterol ester molecules in the core of LDL. When large LDL thus becomes depleted in
cholesterol and enriched in triglycerides, the particle becomes a substrate for hepatic lipase (HL)
and may, as a result of core triglyceride hydrolysis and structural remodeling, become
transformed into a smaller, denser LDL particle.
Less cholesterol per particle than "normal”
_A—

' N
Large LDL Large LDL Small LDL Small LDL

TG-rich

LPs
é
— &
‘ CETP
normal cholesterol- normal cholesterol-
core lipid depleted core lipid depleted
composition core composition core

<« Cholesterol ester < Triglyceride

FIGURE 1. Schematic representation of the metabolic origins of LDL particles containing less cholesterol than
normal. TG = triglyceride, LPs = lipoproteins, CETP = cholesterol ester transfer protein, HL = hepatic
lipase.

Depending on the triglyceride level and CETP activity, the small LDL particles may end up with
a normal core lipid composition or become significantly cholesterol-depleted. There are thus four
different types of LDL particles likely to be seen in individuals depending on their lipid
metabolic circumstances (Fig. 1): large LDL with a normal core lipid content, small LDL with a
normal lipid content, and large and small LDL with relatively cholesterol-deficient, triglyceride-
rich lipid cores. It should be noted that the reactions leading to the production of these different
forms of LDL are fully reversible, so that a patient with high triglycerides and cholesterol-

deficient LDL who is placed on successful triglyceride-lowering therapy may exhibit an LDL
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cholesterol increase even though the number of LDL particles has decreased, simply because the

particles have become more cholesterol-rich.

To gain some understanding of the prevalence of LDL particles (large and small) containing
cholesterol-depleted, triglyceride-rich cores, we isolated LDL from 118 healthy men and women
by preparative ultracentrifugation and conducted detailed lipid compositional analyses as well as
LDL size measurement by NMR. Mean (+SD) plasma triglyceride levels were 135 (+89) mg/dL,
representative of levels found in the general population. 11 subjects (9%) had values exceeding
250 mg/dL and only 2 had levels greater than 400 mg/dL. The measured ratios of
cholesterol/triglyceride in the LDL of these subjects ranged from 1.8 to 11.5 and the distribution
is shown in Fig. 2. The majority (65%) of the study population had large LDL particles of

"normal" composition (cholesterol/triglyceride ratio >4)*. However, a surprisingly large

=118)

Percentage of subjects (n

1-2 2-3 3-4 45 56 6-7 7-8 89 >9
LDL cholesterol/triglyceride ratio

FIGURE 2. Distribution of the measured ratios of cholesterol/triglyceride in the LDL fraction (d=1.006-1.063
kg/L) isolated by ultracentrifugation from 118 healthy subjects.
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percentage of subjects (21%) had LDL particles that were compositionally cholesterol-depleted
(cholesterol/triglyceride ratio <4) compared to normal. Even the most accurate LDL cholesterol
measurement will underestimate by about 10-25% the actual amounts of LDL these individuals
have in their bloodstream, compared to those with LDL particles containing a normal amount of
cholesterol. Or put another way, measured LDL cholesterol values even for people with LDL
particles of the same size can easily vary by 10 to 40 mg/dL without there being any difference

in LDL particle concentration (or CVD risk, we would argue).

LDL size differences, as noted earlier, make an independent contribution to LDL cholesterol
compositional variability. Although LDL diameters differ by what seems to be only a small
amount, typically up to about 3 nm (~12%), the volume differences of the spherical lipid core are
substantial because they scale according to the third power of the radius. For LDL particles
differing by 3 nm in diameter, there is approximately 40% less core cholesterol in the smaller
particle. On this basis alone, the person with the smaller LDL particles will require almost 70%
more particles to carry the same amount of LDL cholesterol as the person with the larger
particles. A not insignificant number of people (12 of the 118 subjects in our survey) have the
double whammy of small LDL particles that are also compositionally cholesterol-poor and
triglyceride-rich (far right illustration in Fig. 1). With equal numbers of LDL particles, these
individuals can easily have LDL cholesterol values that are 50 mg/dL lower than people who
have large LDL particles of normal lipid composition. In the face of LDL cholesterol
compositional variability of this magnitude, it is not difficult to understand why LDL cholesterol

measurements may not always accurately reflect a patient's cardiovascular disease risk.
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Lipoprotein Quantification by NMR Spectroscopy

NMR spectroscopic analysis of lipoprotein subclasses is considerably more efficient than
traditional electrophoretic or ultracentrifugal methods, since no physical fractionation of the
lipoproteins is required. But potentially more important in terms of clinical utility is the fact that
NMR provides direct access for the first time to lipoprotein particle data. Instead of basing
lipoprotein quantification on cholesterol or apolipoprotein measurements, the NMR method
employs the characteristic signals broadcast by lipoprotein subclasses of different size as the
basis of their quantification. " Each subclass signal is contributed to by the aggregate number
of terminal methyl groups on the lipids contained within the particle, with the cholesterol esters
and triglycerides in the particle core each contributing 3 methyl groups and the phospholipids
and unesterified cholesterol in the surface shell each contributing 2 methyl groups. The total
number of these methyl groups contained within a subclass particle is, to a close approximation,
dependent only on the particle’s diameter and is not affected by differences in lipid composition
arising from such sources as variability in the relative amounts of cholesterol ester and
triglycerides in the particle core, varying degrees of unsaturation of the lipid fatty acyl chains, or
varying phospholipid composition. For this reason, the methyl NMR signal emitted by each

subclass serves as a direct measure of the concentration of that subclass.

Each NMR measurement of fasting plasma produces the signal amplitudes of 15 lipoprotein
subclasses (Fig. 3). Using reference data on isolated subclasses of independently-measured
diameter and lipid composition, this information is then transformed into concentrations

expressed either in particle concentration units (nanomoles of particles per liter, nmol/L) or,
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alternatively, in cholesterol or triglyceride mass concentration units (mg/dL).*’ In addition,
weighted average VLDL, LDL, and HDL particle sizes are computed. To simplify clinical
utilization of the NMR information, several of the subclass levels are grouped to give

concentrations of large, intermediate, and small VLDL, LDL and HDL (Fig. 3). Further

NMR Lipoprofile
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VLDL VLDL VLDL LDL LDL LDL HDL HDL HDL

NMR-Derived Lipids Lipoprotein Panel

Total Cholesterol LDL Particle Concentration

LDL Cholesterol LDL Particle Size

HDL Cholesterol Large HDL

Triglycerides Large VLDL

FIGURE 3. Representation of the lipoprotein subclasses quantified by NMR and the information reported in the
NMR LipoProfile.

summing the relevant subclass levels permits NMR-derived estimates to be made of total

cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides.

Although there is a high degree of correlation between chemically-measured and NMR-derived
lipid levels, it must be stressed that the NMR values come from direct measurement of the
lipoprotein particles carrying the lipids, not from an actual lipid measurement. NMR-derived
levels are, in effect, the lipid values a person would have with lipoprotein particles of normal
composition. When a person’s LDL particles are “abnormal” due to cholesterol depletion and
triglyceride enrichment, as previously discussed and depicted in Fig. 1, the NMR-derived values

will be higher than those measured chemically. The NMR levels will, however, reflect the true
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mass concentration of LDL and, as a result, should give a better indication of CVD risk. Recent
results from the Cardiovascular Health Study support this expectation by showing that NMR-
derived LDL cholesterol levels in women are more predictive of future cardiovascular events

(M1 and angina) than chemically-measured LDL cholesterol.*®

The four NMR risk factors included in the Lipoprotein Panel (Fig. 3) have potential clinical
diagnostic advantages over those in the traditional lipid panel. Based on results from the Quebec
Cardiovascular Study and other trials that examined the comparative disease prediction of lipid

versus lipoprotein data,” %%

it might be anticipated that LDL particle concentration and LDL
particle size will prove to be more informative than total or LDL cholesterol. Although less data
are available, several studies support the potential clinical utility of large HDL and large VLDL
subclass concentrations as alternatives for the traditional HDL cholesterol and triglyceride risk
factors.?® To document the extent to which Lipoprotein Panel parameters may improve
prediction of cardiovascular disease outcomes, results will soon be available from studies of over
60,000 frozen plasma samples analyzed by NMR during the past two years from many ongoing
or completed clinical trials. Included among these are the Framingham Offspring Study,
Women's Health Study, Heart and Estrogen Replacement Study (HERS), Honolulu Heart Study,
Cardiovascular Health Study, Rancho Bernardo Study, Diabetes Atherosclerosis Intervention
Study (DAIS), HDL Atherosclerosis Treatment Study (HATS), Insulin Resistance
Atherosclerosis Study (IRAS), Diabetes Control and Complications Trial (DCCT), Fenofibrate

Intervention and Event Lowering in Diabetes (FIELD), and the VA-HDL Intervention Trial

(VA-HIT).
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Clinical Implications of the Disconnect Between LDL Cholesterol and LDL Particles in

Patients with Low HDL Cholesterol- Insights from the Framingham Offspring Study

NMR analyses conducted on >3400 frozen plasma samples from the Framingham Offspring
Study cohort % provide an opportunity to take a fresh look at the reasons for the enhanced
cardiovascular disease risk of patients whose primary lipid abnormality is not high LDL
cholesterol, but low HDL cholesterol. Prospective epidemiological studies have consistently
shown low HDL cholesterol to be a strong CVD risk factor, independent of the level of LDL
cholesterol. * With clinical trial support coming from the recent Veterans Affairs High-Density
Lipoprotein Intervention Trial (VA-HIT), #’ raising the level of low HDL is becoming a focus of
therapeutic intervention. What still requires further examination, however, is the extent to which
the CVD risk associated with low HDL cholesterol and the clinical benefit achieved in VA-HIT
can be attributed causally to HDL, per se, as opposed to interrelated factors for which low HDL
is simply a marker. NMR data from the Framingham Offspring Study, shown below, suggest
that a substantial portion of the excess CVD risk experienced by patients with low HDL stems
from an unrecognized LDL abnormality, that of excessive numbers of LDL particles containing
less cholesterol than normal. High-risk patients with this abnormality, who would be expected to
benefit from LDL-lowering therapy, are not now considered candidates for such treatment

because they do not have a recognized LDL cholesterol “problem”.

Numerous studies have documented the association of low HDL cholesterol levels with small

LDL and HDL particle sizes. 22?° An explanation at the lipoprotein subclass level is provided by

smoothed NMR data from the Framingham Offspring Study showing variations in the
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concentrations of large, intermediate, and small HDL and LDL particles as a function of HDL
cholesterol level (Fig. 4, top panels). In the upper left panel, increasing levels of HDL
cholesterol in the population are shown to be accounted for almost entirely by increases in the
large HDL subclass. This is the subclass suggested to be the most cardioprotective HDL
component in many studies. %?° It is noteworthy that concentrations of this species are

negligible below HDL cholesterol levels of about 40 mg/dL.
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FIGURE 4. Relations in the Framingham Offspring cohort (n=3,437) of HDL cholesterol levels (x-axis) to levels
of HDL subclasses (top left panel), LDL subclasses (top right panel), LDL particles and cholesterol (bottom left
panel), and LDL particles and non-HDL cholesterol (bottom right panel). HDL and LDL subclasses and LDL
particle concentrations were measured by NMR and HDL, LDL (Friedewald estimate), and non-HDL cholesterol
was determined by standard chemical methods. Smoothed lines were fitted using LOWESS(locally weighted
scatterplot smoother).

As seen in the upper right panel of Fig. 4, concentrations of the large LDL subclass greatly

exceed those of small LDL when HDL cholesterol levels are greater than 50 mg/dL. However, as
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HDL cholesterol decreases below 50 mg/dL there is a progressive shift in LDL subclass
distribution with increases in small LDL accompanied by decreases in large LDL. The average
LDL size and amount of cholesterol per LDL particle is therefore significantly lower in
populations with low HDL cholesterol compared to those with higher HDL. The consequence of
this strong association of HDL level with the cholesterol content of LDL particles is the
strikingly large "disconnect™ observed between LDL cholesterol and LDL particle concentrations
in individuals with relatively low HDL cholesterol values (Fig. 4, bottom left). In those with
HDL cholesterol levels less than about 40 mg/dL, the data indicate that LDL cholesterol values
are likely to considerably underestimate LDL particle concentrations and, by inference, the risk

of CVD.

The current Adult Treatment Panel 111 (ATP I11) guidelines of the NCEP discuss the limitations
of LDL cholesterol as an indicator of the number of atherogenic lipoprotein particles, but only in
hypertriglyceridemic patients. *°Citing apoB assay deficiencies and their lack of universal
availability, the guidelines do not advise that apoB be used as an alternative to LDL cholesterol
as a target of therapy. Instead, non-HDL cholesterol was recommended as a secondary target of
therapy, since this routinely-measurable parameter has a high correlation with apoB. In the
bottom right panel of Fig. 4, relations between non-HDL cholesterol and LDL particles are
compared as a function of HDL cholesterol levels. Although there is still a "disconnect"” between
NMR-measured LDL particle concentrations and non-HDL cholesterol at low HDL cholesterol
levels, the magnitude is less than with LDL cholesterol. Clinical trial data must be awaited to
establish the relative strengths of association of LDL cholesterol, LDL particles, apo B, and non-

HDL cholesterol with cardiovascular disease outcomes.
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Prevalence of the Disconnect Between LDL Cholesterol and LDL Particles

The ATP I11 guidelines recommend LDL cholesterol targets of < 100 mg/dL for patients with
CHD or CHD risk equivalents, < 130 mg/dL for patients with > 2 risk factors and a 10-year
Framingham risk < 20 percent, and < 160 mg/dL for patients with 0-1 risk factors. ** As shown
in Fig. 5, these targets correspond to the 20", 50™, and 80™ percentile values in the Framingham
Offspring population. The LDL particle concentration distribution, also given in Fig. 5, shows
that the corresponding 20™, 50", and 80™ percentile values for this parameter are 1100 nmol/L,

1400 nmol/L, and 1800 nmol/L, respectively.

To gain some feeling for the prevalence of clinically relevant discrepancies between LDL
cholesterol and LDL particle concentrations, we used the Framingham Offspring data to compare
the numbers and characteristics of people who might be classified as “high-risk” or “low-risk” on
the basis of having LDL cholesterol or LDL particle concentrations above the 80" percentile or
below the 20" percentile, respectively. In Table 1, it is seen that only 419 (62%) of the 681
individuals with high-risk LDL cholesterol levels >80™ percentile (>160 mg/dL) also have high-
risk LDL particle concentrations >80™ percentile (>1800 nmol/L). There are thus 262 individuals
(38%) classified as high-risk using LDL cholesterol criteria who have a lower-risk status
according to their LDL particle concentrations, and a different group of 262 people classified as
high-risk based on having elevated numbers of LDL particles that would fall in a lower-risk

category using LDL cholesterol stratification.
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FIGURE 5. Histograms for LDL cholesterol (Friedewald estimate) and NMR-measured LDL particle
concentration from the Framingham Offspring Study (n=3.437).

Insight into which of these two groups actually has the higher risk comes from an examination of
mean values of several non-LDL risk factors. Comparing the last two columns of Table 1, it can
be seen that those in the high-risk LDL particle group have a considerably worse risk factor
profile consisting of higher levels of triglycerides, lower HDL cholesterol, and smaller LDL
particles. Such a profile is characteristic of persons with the metabolic syndrome. 3 ATP 111
recognized the need to invoke the metabolic syndrome as a major contributor to CVD risk
beyond LDL cholesterol precisely because the risk of these individuals exceeds that which can be
accounted for by LDL cholesterol. It remains to be established, however, how much the
metabolic syndrome contributes to CVD risk beyond LDL particles. From the data presented in
Fig. 4 and Table 1, it seems likely that LDL particles make a much greater contribution to the
risk of patients with the metabolic syndrome than has generally been recognized. Aggressive
LDL lowering therapy may be at least as beneficial to these patients as treating the underlying
causes of the syndrome and the accompanying atherogenic dyslipidemia as recommended by

ATP II1.
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TABLE 1

High-Risk Subjects in the Framingham Offspring Study According to LDL Particle
Concentration and LDL Cholesterol

LDL Particles LDL Particles LDL particles
>80™ percentile >80™ percentile <80™ percentile
LDL Cholesterol LDL Cholesterol LDL Cholesterol
>80™ percentile <80" percentile >80™ percentile
Number of subjects (%) 419 (62%) 262 (38%) 262 (38%)
LDL cholesterol (mg/dL) 189 142 172
LDL particles (nmol/L) 2160 2000 1620
Triglycerides (mg/dL) 157 192 104
HDL cholesterol (mg/dL) 43 39 52
LDL size (hm) 20.6 20.3 21.1
LDL pattern B 43% 61% 8%
Men 56% 66% 48%
TABLE 2

Low-Risk Subjects in the Framingham Offspring Study According to LDL Particle
Concentration and LDL Cholesterol

LDL Particles LDL Particles LDL particles
<20™ percentile <20™ percentile >20" percentile

LDL Cholesterol LDL Cholesterol LDL Cholesterol

<20™ percentile >20" percentile <20™ percentile
Number of subjects (%) 421 (66%) 218 (34%) 218 (34%)
LDL cholesterol (mg/dL) 82 113 90
LDL particles (nmol/L) 890 990 1310
Triglycerides (mg/dL) 76 70 146
HDL cholesterol (mg/dL) 58 62 45
LDL size (hnm) 21.1 21.2 20.6
LDL pattern B 11% 6% 42%
Men 34% 28% 50%

118



At the low-risk end of the spectrum, a similar case can be made that LDL particle concentration
<1100 nmol/L (<20™ percentile) may be a more appropriate target of therapy than LDL
cholesterol <100 mg/dL (<20™ percentile) for patients with CHD or CHD risk equivalents. As
shown in Table 2, 34% of Framingham Offspring subjects with "optimal™ LDL cholesterol <100
mg/dL have sub-optimal LDL particle concentrations >1100 nmol/L. This group, compared to
that with the opposite phenotype (“optimal" LDL particles <20™ percentile and sub-optimal LDL
cholesterol >20™ percentile), has higher triglycerides, lower HDL cholesterol, smaller LDL size,
and contains more men, all of which are characteristics associated with higher risk. By
recognizing that a major source of this higher risk is a higher-than-desirable number of LDL
particles, despite LDL cholesterol being "optimal,” physicians treating patients with CHD or
CHD risk equivalents would have justification for targeting selected individuals for more

aggressive LDL lowering therapy than would be called for by ATP Il guidelines.
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Chapter 5:  Discussion

5.1  Advantages of NMR lipoprotein testing

The NMR LipoProfile lipoprotein particle assay presented in this work has several
advantages over traditional methods of lipoprotein subclass measurements. It is very rapid
and efficient, taking less than a minute to collect the NMR data, with another minute or two
required for sample delivery to and removal from the measurement cell. The entire process is
automatable. The fundamental information accessed by this technology, namely
concentrations of lipoprotein subclass particle numbers, appears to give superior prediction
of atherosclerotic risk compared to alternate methods that rely on lipid markers as surrogate
measures of lipoprotein levels. There is no need for any reagents and the calibration of the
instrumentation is achieved simply and inexpensively with a stable standard such as trimethyl
acetic acid (TMA). The validation studies have established that the NMR method has
excellent measurement precision, with the CVs of important clinical variables in the 2-4%
range. The standard addition studies established that the method provides accurate results and
that the dynamic range of the assay is very large. The LDL particle number has important
clinical use as a target for risk reduction therapy in those being treated with diet, exercise, or
lipid lowering drugs. The efficiency with which the automated analysis can be performed
makes it possible in a short period of time to analyze thousands of archived frozen plasma
samples from observational and drug intervention studies addressing the risk of CHD,

diabetes, insulin resistance and the metabolic syndrome.

5.2 Interferences
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There are very few interferences with the NMR LipoProfile assay. The free glycerol (in
disease states, dialysis, and exercise) that interferes with standard chemical analysis for TG is
not an issue, since the NMR assay measures only intact lipoprotein particles. Low to
moderate hemolysis has been shown not to affect the NMR results. Samples affected by
gross hemolysis, however, are not suitable for NMR or chemical analyses. Certain gel barrier
blood collection tubes contribute a contaminating substance that gives rise to an NMR signal
that appears in the methyl lipid region of the plasma spectrum. Depending on the type of gel
and manufacturer, the interfering signal can be a singlet or triplet. The magnitude of the
interfering signal depends on the contact time with the gel and the volume of sample drawn.
Low draw volumes and longer contact with the gel increase the amplitude of these signals.
We have developed computational methods to circumvent this problem by including the
spectrum of the interfering substance(s) as one of the components in the basis set used for the
lineshape deconvolution.

Samples with highly abnormal composition, like those from patients with Type 111
hyperlipidemia, are not fit adequately with the normal analysis model and are flagged on that
basis by the analysis software. Over 99% of plasma samples encountered give a “good”
lineshape fit (correlation coefficient >0.999 between calculated and experimental methyl
signal) and are thus considered successfully analyzed. Other samples consistently flagged on
the basis of giving relatively poor lineshape fits are those containing the abnormal lipoprotein
called Lp-X. Patients with obstructive jaundice and liver cirrhosis often have Lp-X in their
plasma. Lp-X has a density similar to LDL, but has very high percentage of unesterified

cholesterol and phospholipid. Special analysis models have been constructed to analyze
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samples containing Lp-X and physicians are notified about the possible clinical implications

of the presence of Lp-X.

5.3  Stability of plasma for NMR analysis
Accuracy of the NMR LipoProfile assay requires that the native structure of the lipoprotein
particles be maintained during storage and transport of the plasma samples. Exposure of
plasma to ambient temperature for longer than 8 hours, or even short-term exposure to higher
temperatures (for example, samples without cold packs in an over-heated car trunk) can
affect the LipoProfile results. Blood samples should always be spun and refrigerated
promptly. Refrigerated samples are stable for up to 10 days. The need for refrigeration is a
limitation of the technique, but one shared by other lipid assays. It is possible that this
limitation may be at least partially overcome by the addition of lipoprotein stabilizers to the
blood collection tubes.

NMR data are not appreciably affected by freezing of the samples at -70°C or below.
On 200 pairs of fresh and frozen samples it was found that the LDL particle number and size
correlations are >0.95. Samples with TG levels above about 400 mg/dL show significant
reductions in NMR-derived TG levels after a single freeze/thaw cycle. The problem is
exacerbated by multiple freeze thaw cycles. There is also some evidence that post-prandial
samples containing chylomicrons and remnant particles are more susceptible to these
freeze/thaw-related reductions in TG levels. In certain cases, aggregation of
VLDL/chylomicron particles generated by freeze/thaw appears to produce a broad NMR

signal and the quality of lineshape fit is affected. Removal of VLDL from such samples by
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fast ultracentrifugation has been shown to overcome the problem and give reliable LDL and

HDL subclass information.

5.4  Miscellaneous

Plasma and serum samples from various animal models of atherosclerosis and diabetes have
been tested for their ability to be analyzed by NMR using either the unmodified human
lipoprotein subclass analysis model or models containing lipoprotein species unique to that
particular species. For example, normal mice have very high levels of HDL-C and larger
HDL subclasses than usually found in humans. Samples from monkeys, mice, rats, hamsters,
dogs and pigs have all been successfully analyzed by NMR.

We have also demonstrated that NMR lipoprotein analysis may be successfully
carried out on the NMR spectrometer platforms of both major NMR manufacturers, Bruker
and Varian. There is excellent inter-machine reproducibility of NMR LipoProfile analyses
that are conducted using 15 different NMR instruments. Most of the data presented in this
work were acquired with a presaturation water suppression scheme. Gradient water
suppression using the WET technique (74) works equally well. The presaturation process
reduces the intensity of the plasma protein signal by a factor of approximately two (via
saturation transfer), thereby making the lipoprotein peaks in the methyl region more
prominent. The WET technique does not affect the signals from either the plasma proteins or
lipoproteins, and therefore the methyl signal is contributed to relatively less by the
lipoproteins and more by the plasma proteins. There is no evidence that the accuracy or
reproducibility of the NMR LipoProfile assay is any different using one or the other water

suppression methods.
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Conclusion
Development of a nuclear magnetic resonance-based lipoprotein particle assay is presented.

The validation studies document the accuracy, precision and robustness of the NMR
LipoProfile assay.
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