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BACKGROUND: HDL cell cholesterol efflux capacity
has been documented as superior to HDL cholesterol
(HDL-C) in predicting cardiovascular disease risk. HDL
functions relate to its composition. Compositional assays
are easier to perform and standardize than functional
tests and are more practical for routine testing. Our goal
was to compare measurements of HDL particles by 5
different separation methods.

METHODS: HDL subfractions were measured in 98 sam-
ples using vertical auto profiling (VAP), ion mobility
(IM), nuclear magnetic resonance (NMR), native
2-dimensional gel electrophoresis (2D-PAGE), and pre-
�1-ELISA. VAP measured cholesterol in large HDL2

and small HDL3; IM measured particle number directly
in large, intermediate, and small HDL particles; NMR
measured lipid signals in large, medium, and small HDL;
2D-PAGE measured apolipoprotein (apo) A-I in large
(�1), medium (�2), small (�3– 4), and pre-�1 HDL
particles; and ELISA measured apoA-I in pre-�1-
HDL. The data were normalized and compared using
Passing–Bablok, Lin concordance, and Bland–Altman
plot analyses.

RESULTS: With decreasing HDL-C concentration, NMR
measured a gradually lower percentage of large HDL,
compared with IM, VAP, and 2D-PAGE. In the lowest
HDL-C tertile, NMR measured 8% of large HDL, com-
pared with IM, 22%; VAP, 20%; and 2D-PAGE, 18%.
There was strong discordance between 2D-PAGE and
NMR in measuring medium HDL (R2 � 0.356; rc �
0.042) and small HDL (R2 � 0.376; rc � 0.040). The
2D-PAGE assay measured a significantly higher apoA-I
concentration in pre-�1-HDL than the pre-�1-ELISA
(9.8 vs 1.6 mg/dL; R2 � 0.246; rc � 0.130).

CONCLUSIONS: NMR agreed poorly with the other meth-
ods in measuring large HDL, particularly in low HDL-C
individuals. Similarly, there was strong discordance in

pre-�1-HDL measurements between the ELISA and
2D-PAGE assays.
© 2017 American Association for Clinical Chemistry

Many cross-sectional and prospective studies have indi-
cated that HDL cholesterol (HDL-C)3 concentration is
inversely associated with cardiovascular disease (CVD);
however, the underlying protective mechanism(s) of
HDL is not fully understood (1–3 ). HDL is the most
complex lipoprotein class and can be separated into sev-
eral subfractions that differ in physicochemical character-
istics, composition, and function. One of the most im-
portant HDL functions is reverse cholesterol transport.
Reverse cholesterol transport includes cholesterol efflux
from macrophages to various lipoprotein acceptors. Pre-
�1-HDL particles mediate cholesterol efflux via ATP-
binding cassette transporter A1, whereas large (�1) and
medium (�2) HDL particles mediate cholesterol efflux
via scavenger receptor class B type I (SR-BI). Reverse
cholesterol transport also includes cholesterol transport
to the bile, a process mediated by large (�1) and medium
(�2) HDL particles via SR-BI expressed on hepatic cells.
Given these physiologic differences, there is interest in
dividing HDL into subpopulations to better refine a car-
dioprotective profile.

Several methods have been developed to partition
HDL into various subfractions. Density-gradient ultra-
centrifugation (UC) was the first widely used method to
separate the large buoyant HDL2 and the smaller less
buoyant HDL3 in plasma (4 ). However, the high salt
concentration and the extreme g-force have been shown
to significantly alter the composition and physicochem-
ical properties of HDL (5, 6 ) that might influence some
of the functional properties of the separated HDL frac-
tions. A fast and less destructive UC method was devel-
oped by Kulkarni et al. in 1994 using vertical auto profile
(VAP) to separate and measure cholesterol in HDL2 and
HDL3 (7 ). A high-resolution method for separating
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HDL into different size subfractions, 2-dimensional aga-
rose/polyacrylamide gel electrophoresis (2D-PAGE), was
published by Castro et al. in 1988 (8 ). Using the 2D-
PAGE method, HDL particles were separated by net sur-
face charge in the first dimension (pre-�-, �-, and pre-�-
mobility particles) and by size in the second dimension
(pre-�1–2, �1–4, and pre-�1–4). Coupling 2D-PAGE
with Western blot and image-analysis methods resulted
in the quantitative measurement of apolipoprotein (apo)
A-I in 10 different HDL subpopulations (5, 6 ). Otvos et
al. published the first analysis on lipoprotein particles
separated by nuclear magnetic resonance (NMR) in 1991
(9 ). NMR measured the terminal methyl groups of lipids
in all lipoprotein classes (VLDL, LDL, and HDL) and
generated a density curve. Specific algorithms were then
used to calculate particle numbers in the different size-
based lipoprotein subclasses. Utilizing the NMR method,
large, medium, and small HDL subfractions were re-
ported. Caulfield et al. published the first results on HDL
subfractions separated by ion mobility (IM) in 2008
(10 ). IM directly estimated the number of lipoprotein
particles in large and small HDL subfractions. Recently,
Hutchins et al. reported large, medium, and small HDL
subfractions, measured by a modified IM assay, with sim-
ilar sizes to �1, �2, and �3/�4, respectively (11 ). In
2014, Williams et al. compared data generated by
1-dimensional gel electrophoresis, VAP, NMR, and IM,
concentrating mostly on LDL subfractions (12 ). HDL
subfraction data were reported using VAP, NMR, and
IM; however, the measurements were carried out years
apart, which might have influenced the outcome (VAP in
3–6-year-old samples, NMR in 2001, and IM in 2012).
An ELISA for measuring pre-�1-HDL concentration
from whole plasma was published in 2000 by Miyazaki et
al. using a “pre-�1-specific” monoclonal primary anti-
body (mab55201) for detecting apoA-I in pre-�1-HDL
(13 ).

These methods are used extensively in both research
and clinical diagnostics. Our aim was to measure HDL
subfractions using these 5 methods utilizing split samples
and to compare the data. However, it is difficult to com-
pare results across these methods, as they are based on
extremely different physical and/or chemical properties,
measure different constituents of HDL subfractions, and
express results in different units. To compare the data
across the different methods, we normalized the data on
the different size HDL subfractions as percentages of the
total sum of reported HDL particle subfractions for each
method.

Methods

Ninety-eight plasma samples were selected having large
variability in HDL-C concentration (22–144 mg/dL;
0.57–3.73 mmol/L) from samples sent to Boston Heart

Diagnostics (Framingham, MA) for HDL particle anal-
ysis. Blood was collected in white/pearl-top tubes con-
taining EDTA and separating gel. The tubes were trans-
ported to the laboratory on ice packs under temperature
control using next-day delivery. Only samples for which
the temperature sensor indicated �7 °C on arrival were
used for HDL particle analysis. Plasma was separated by
low-speed centrifugation. Total cholesterol, LDL choles-
terol, HDL-C, triglycerides, and apoA-I were measured
on a COBAS 8000 analyzer using kits from Roche Diag-
nostics. The samples were split into 5 aliquots and stored
at �80 °C until they were sent out on dry ice for HDL
fractionation at the different laboratories. The measure-
ments were performed in a blinded fashion in the differ-
ent laboratories with different operator(s) for each
method. In Table 1 of the Data Supplement that accom-
panies the online version of this article at http://www
clinchem.org/content/vol64/issue3, we summarized the
separation principles, measured parameters, and reported
units for each method.

Separation of HDL2 and HDL3 subfractions using
the VAP method was carried out at Atherotech (Birming-
ham, AL). HDL was separated by hydrated density or
flotation rate: The more buoyant HDL particles (HDL2)
were larger than the less buoyant HDL particles (HDL3).
This assay, which involves a single vertical spin and VAP
II methodology, is an inverted rate zonal density gradient
UC technique that sequentially measures the cholesterol
content of all lipoprotein classes after UC for about 1 h at
65000 rpm (7 ).

IM separation was carried out at Quest Diagnostics
Nichols Institute (San Juan Capistrano, CA). IM is a
gas-phase differential macromolecular mobility-based
method (10 ). In this high-throughput procedure, parti-
cles are counted directly after equalization of charge and
separation by time of flight through a voltage gradient.
Albumin contamination of the HDL size region is first
reduced by green dextran precipitation and a short UC in
the absence of salt. In its current configuration, the
method is designed to separate large HDL particles from
smaller HDL particles.

HDL particle separation by NMR was carried out at
LipoScience (Raleigh, NC). NMR uses the characteristic
lipid methyl signal broadcast by HDL subclasses (9 ).
NMR measures the terminal methyl groups of lipids in
different size lipoprotein particles without physically sep-
arating them. Using special algorithms, concentrations of
total lipids in HDL particles and then HDL particle
numbers are calculated. Using NMR, HDL has been
classified into large (9.4–14 nm), medium (8.2–9.4 nm),
and small (7.3–8.2 nm) subclasses from 26 peaks in the
HDL size range.

The apoA-I-containing HDL subpopulations were
measured at Boston Heart Diagnostics (Framingham,
MA) by nondenaturing 2D-PAGE, as illustrated and
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briefly described in Fig. 1 of the online Data Supplement
(5, 6 ). In this report, the large HDL subfraction was
calculated as the sum of �1 and pre-�1 subpopulations
(modal diameter, 10.97 nm), the medium HDL subfrac-
tion as the sum of �2 and pre-�2 subpopulations (modal
diameter, 9.20 nm), and the small HDL subfraction as
the sum of �3, pre-�3, �4, and pre-�4 subpopulations
(modal diameter, 7.62 nm).

Pre-�1 concentrations were measured by 2D-PAGE
at Boston Heart Diagnostics and by a commercially avail-
able ELISA kit (Sekisui Diagnostics) at Tufts University
using a 96-well plate coated with a monoclonal antibody
(mab55201) against pre-�1-HDL (13 ). Pre-�1 concen-
tration (mg/dL) was expressed as the amount of apoA-I.

STATISTICAL ANALYSIS

Data on pre-�1 concentrations (mg/dL) measured by
2D-PAGE and ELISA were compared directly. Data gen-
erated by the VAP, IM, NMR, and 2D-PAGE assays on
the different size HDL subfractions were normalized for
the analysis as a percentage of the total sum of the re-
ported HDL particle subfractions. For example, for 2D-
PAGE, the 3 reported (large, medium, small) HDL sub-
fractions were added (100%), and the percentage for each
individual subfraction was calculated: large HDL % �
large HDL/(large HDL � medium HDL � small
HDL) � 100. The normalized data on the various size
HDL subfractions, generated by the different assays,
were plotted pairwise and compared by Passing–Bablok
(14 ), Lin concordance (15 ), and Bland–Altman plot
(16 ) analyses. Bias in regression (Passing–Bablok analy-
sis) and the Pearson correlation coefficients was calcu-
lated for estimating relationships between continuous
measures. The constant bias between any 2 assays was
evaluated from the intercept of the Passing–Bablok re-
gression line, and the proportional bias was evaluated
from the slope of the regression line. In cases in which the
Pearson correlation coefficient indicated poor correlation
between 2 assays (R2 � 0.500), neither the Lin concor-
dance nor the Bland–Altman plot analysis was consid-
ered relevant to estimate agreement between the 2 assays.
If the correlation coefficient was at least substantial (R2 �
0.500), the Lin concordance correlation was evaluated.
The linear correlation coefficient R provides a measure of
linear covariation between 2 sets of scores without spec-
ifying any degree of correspondence between the 2 sets of
values. The Lin concordance coefficient (rc), on the other
hand, is devised to provide a measure of reliability that is
based on covariation and correspondence. The Lin correla-
tion line passes through the origin and has a slope of 1.0.
The degree to which data points deviate from this optimal
regression line is proportional to the degree of disagreement
between the 2 assays in question. Agreement between each
pair of assays was also evaluated by Bland–Altman plots. It is
worth noting that there is no consensus on which statistical

test and what correlation level is acceptable to declare signif-
icant agreement between 2 assays measuring the same pa-
rameter in the same sample.

The protocol was reviewed and approved by the
Health Science Campus Institutional Review Board at
Tufts University.

Results

We studied 98 individuals, 58% male, with mean levels
(� SD) of age, 59 (15) years; total cholesterol, 187 (41)
mg/dL [4.8 (1.1) mmol/L]; LDL cholesterol, 110 (35)
mg/dL [2.85 (0.9) mmol/L]; triglycerides, 148 (91) mg/dL
[1.67 (1.0) mmol/L]; HDL-C, 56 (24) mg/dL [1.45 (0.6)
mmol/L] [range, 22–144 mg/dL (0.57–3.7 mmol/L)]; and
apoA-I, 156 (36) mg/dL. In Table 1, we present data on
HDL subfractions measured by VAP, IM, NMR, 2D-
PAGE, and ELISA. To compare the data on HDL sub-
fractions generated by the VAP, IM, NMR, and 2D-
PAGE assays, data were normalized and expressed as
percentages of the total reported values (Table 1). Sta-
tistical analyses were performed in a paired fashion.

VAP VS IM

The VAP and the IM assays measured nearly identical
percentages of the large HDL subfraction (24.8% vs
25.5%; P � 0.103) (Table 1). There was a �20% differ-
ence in the measurements in 17% of samples. Because
of the large variability in the differences between
paired measurements (�53% to 96%), the Pearson
correlation coefficient was moderate (R2 � 0.576)
(Fig. 1). The Lin concordance correlation (rc � 0.712)
and the Bland–Altman plot showed stronger agree-
ment between the 2 measurements (see Fig. 2 in the
online Data Supplement).

VAP VS NMR

The VAP assay measured significantly more of the large
HDL than the NMR assay (24.8% vs 16.9%) (Table 1).
The differences between the paired measurements were
very large (�33% to 1520%). There was a �20% differ-
ence in the measurement in 78% of samples. Although
the Pearson correlation coefficient was strong (R2 �
0.712), the slope of the regression line was relatively flat
(0.50), resulting in a much weaker Lin concordance co-
efficient (rc � 0.489) (Fig. 1). The Bland–Altman plot
also indicated substantial discordance in the measure-
ment of large HDL utilizing these 2 assays (see Fig. 2 in
the online Data Supplement).

VAP VS 2D-PAGE

The percentage of large HDL measured by VAP was
significantly, but only slightly, higher than that measured
by 2D-PAGE (24.8% vs 23.3%) (Table 1). Owing to
differences in the paired measurements (�45% to 39%),
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both the Pearson correlation coefficient (R2 � 0.679)
and the Lin concordance coefficient (rc � 0.676) showed
about 67% agreement between the measurements (Fig.
1). There was a �20% difference observed in 65% of the
paired samples. The Bland–Altman plot indicated similar
agreement between the 2 assays (see Fig. 2 in the online
Data Supplement).

IM VS NMR

The IM assay measured significantly more large HDL than
the NMR assay (25.5% vs 16.9%) with very large differ-
ences between paired measurements (�24% to 2400%)

(Table 1). There was a �20% difference in the measure-
ment in 74% of the samples. The Pearson correlation coef-
ficient (R2 � 0.870) was strong (Fig. 2). However, because
of the flat slope of the regression line (0.37), the Lin concor-
dance coefficient was much weaker (rc � 0.444), indicating
substantial discordance between the 2 assays. The Bland–
Altman plot also indicated strong disagreement between the
2 assays (see Fig. 3 in the online Data Supplement).

IM VS 2D-PAGE

The IM assay measured slightly but significantly more
large HDL than the 2D-PAGE assay (25.5% vs 23.3%)

Table 1. Comparison of different size HDL subfractions separated by 5 different assays in 98 samples.

Original (nonnormalized) data

Method
Measured parameter

Reported unit

VAP
Cholesterol

mg/dL

IM
Particle number

nmol/L

NMR
Particle number

μmol/L

2D-PAGE
apoA-I
mg/dL

ELISA
apoA-I
mg/dL

HDL subfractions

Large 15.5 (9.7) 6769 (2083) 6.2 (4.6) 31.9 (11.7)

Medium 42.2 (11) 871 (177) 9.7 (5.4) 63.3 (12.3)

Small 18628 (3014) 19.7 (5.6) 38.4 (9.2)

Pre-�1 9.8 (4.4)a 1.6 (1.0)a

Normalized data, %

Large 24.8 (6.1)b,c 25.5 (4.8)d,e 16.9 (11.4)b,d,f 23.3 (7.7)c,e,f

Medium 74.8 (6.4)g 3.3 (0.4)g 25.7 (10.6)f 46.9 (4.2)f

Small 71.2 (4.7)g 56.5 (15.7)f 29.8 (5.9)f

Data are expressed as mean (SD).
Significant difference (P < 0.001) between a 2D-PAGE and ELISA, b VAP and NMR, c VAP and 2D-PAGE, d IM and NMR, e IM and 2D-PAGE, f NMR and 2D-PAGE.
g Data are provided but not included in the analyses.

Fig. 1. Passing–Bablok and Lin concordance analyses on the normalized measurements of the large (L) HDL subfraction generated
by the VAP, IM, NMR, and 2D-PAGE assays.
Dashed lines represent the optimal regression line. Solid lines represent the best fit by linear regression. R2 is the Pearson linear regression
coefficient. rc is the Lin concordance correlation coefficient. Y is the constant bias and x is the slope of the regression line.
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with large differences between paired measurements
(�11% to 213%) (Table 1). There was a �20% differ-
ence in the measurement in 64% of samples; however,
the Pearson correlation coefficient was strong (R2 �
0.826) (Fig. 2). The slope of the regression line was not
optimal (0.61); therefore, the Lin concordance coeffi-
cient was weaker (rc � 0.677). The Bland–Altman plot
analysis also indicated only moderate agreement between
the 2 assays (see Fig. 3 in the online Data Supplement).

NMR VS 2D-PAGE

We compared data on the large, medium, and small
HDL subfractions (Table 1). The 2D-PAGE assay mea-
sured significantly more large HDL than the NMR assay
(23.3% vs 16.9%) with large differences between paired
measurements (�90% to 55%). There was a �20% dif-
ference in the measurement in 64% of samples. The lin-
ear correlation coefficient was strong (R2 � 0.831) (Fig.
3); however, because of a nonoptimal regression line

Fig. 2. Passing–Bablok and Lin concordance analyses on the normalized measurements of the large (L) HDL subfractions generated
by the IM, NMR, and 2D-PAGE assays.
Dashed lines represent the optimal regression line. Solid lines represent the best fit by linear regression. R2 is the Pearson linear regression
coefficient. rc is the Lin concordance correlation coefficient. Y is the constant bias and x is the slope of the regression line.

Fig. 3. Passing–Bablok and Lin concordance analyses on the normalized measurements of the large (L), medium (M), and small (S)
HDL subfractions by the NMR and 2D-PAGE assays.
Dashed lines represent the optimal regression line. Solid lines represent the best fit by linear regression. R2 is the Pearson linear regression
coefficient. rc is the Lin concordance correlation coefficient. Y is the constant bias and x is the slope of the regression line.
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slope (1.62), the Lin concordance coefficient was weaker
(rc � 0.745). The Bland–Altman plot indicated only
moderate agreement between the 2 measurements (see
Fig. 4 in the online Data Supplement). The 2D-PAGE
assay measured significantly more medium HDL than
the NMR assay (46.9% vs 25.7%). Both the linear re-
gression correlation coefficient (R2 � 0.356) and Lin
concordance coefficient (rc � 0.042) were weak, indicat-
ing that the 2 assays were not comparable in measuring
medium HDL (Fig. 3). The Bland–Altman plot also in-
dicated that the 2 assays produced noncomparable results
(see Fig. 4 in the online Data Supplement). In contrast
to the larger HDL subfractions, the 2D-PAGE assay
measured significantly fewer small HDL than the
NMR assay (29.8% vs 56.5%). The correlation coef-
ficients between the 2 assays for small HDL were weak
(R2 � 0.367 and rc � 0.040), indicating that the 2
measurements were not comparable (Fig. 3). The
Bland–Altman plots also indicated incomparability
(see Fig. 4 in the online Data Supplement).

EFFECT OF TOTAL HDL-C ON MEASUREMENT ERROR

HDL-C concentration correlated substantially with the
percentage of large HDL separated by VAP (R2 �
0.594), IM (R2 � 0.667), NMR (R2 � 0.615), and 2D-
PAGE (R2 � 0.663) (see Fig. 5 in the online Data Sup-
plement). In Table 2, we present data on large HDL
grouped into tertiles by HDL-C concentration. With
decreasing HDL-C, NMR measured gradually lower per-
centage of large HDL, compared with IM, VAP, and
2D-PAGE. In the bottom tertile of HDL-C concentra-
tion, the measurements of large HDL were IM, 22%;
VAP, 20%; 2D-PAGE, 18%; and NMR, 8%. With in-
creasing HDL-C value, the differences between large
HDL data decreased considerably.

COMPARISON OF PRE-�1 MEASUREMENTS BY 2D-PAGE AND

ELISA

There were significant differences between 2D-PAGE
and ELISA in measuring apoA-I concentration (mg/dL)
in pre-�1-HDL (Table 1). The 2D-PAGE assay mea-
sured 6-fold higher apoA-I concentration in pre-�1 than
the ELISA (9.8 mg/dL vs 1.6 mg/dL). The linear corre-
lation coefficient was weak (R2 � 0.246) (Fig. 4). As the
regression line had a flat slope (0.12), the Lin concor-
dance coefficient was even weaker (rc � 0.130). The
Bland–Altman plot also indicated strong discordance be-
tween the assays (see Fig. 6 in the online Data Supple-
ment). We hypothesized that the pre-�1-ELISA might
not have captured all the apoA-I molecules in pre-�1
particles that were captured by 2D-PAGE, and measured
only the monomeric apoA-I molecules. To test this hy-
pothesis, monomeric apoA-I was separated from dimeric
apoA-I molecules in pre-�1 particles in 3 different
plasma samples using 3% to 16% linear-gradient PAGE
in the second dimension. Each sample was run in dupli-
cate on each gel, followed by electrotransfer to nitrocel-
lulose membranes. The membranes were cut into halves:
one half was incubated with an apoA-I-specific poly-
clonal antibody; the other half was incubated with the
pre-�1-specific monoclonal antibody (mab55201) used

Table 2. Comparison of the normalized measurement data
on the large (L) HDL subfraction, measured by 4 assays,

according to HDL-C concentration tertiles.

Tertile 1 Tertile 2 Tertile 3

HDL-C, mg/dL 39 (5) 52 (5) 78 (14)

L-HDL, %

VAP 20 (5)a,b,c 23 (4)b,c 29 (3)

IM 22 (2)a,d,e 24 (2)d,e 29 (4)

NMR 8 (6)b,d,f 14 (6)b,d,f 28 (9)f

2D-PAGE 18 (5)c,e,f 21 (4)c,e,f 30 (6)f

Data are expressed as mean (SD).
Significant difference (P < 0.0001) between a VAP and IM, b VAP and NMR, c VAP
and 2D-PAGE, d IM and NMR, e IM and 2D-PAGE, f NMR and 2D-PAGE.

Fig. 4. Passing–Bablok and Lin concordance analyses on the
concentration measurements of pre-�1-HDL particles gener-
ated by the 2D-PAGE and ELISA.
Dashed lines represent the optimal regression line. Solid lines
represent the best fit by linear regression. R2 is the Pearson linear
regression coefficient. rc is the Lin concordance correlation coeffi-
cient. Y is the constant bias and x is the slope of the regression
line.
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in the pre-�1-ELISA. The polyclonal antibody detected
87% more regular size (dimeric apoA-I molecules) than
smaller size (monomeric apoA-I molecules) pre-�1 par-
ticles, similar to earlier findings (17 ). Unexpectedly, no
measurable signal was observed when the monoclonal
antibody was used to detect apoA-I, indicating that im-
mobilization of apoA-I to the membrane might have
changed the conformation of apoA-I, resulting in the loss
of the mab55201-specific epitope.

Discussion

It has been documented that HDL cell cholesterol efflux
capacity is superior to HDL-C in predicting CVD risk
(18–20). Different HDL particles have different associ-
ations with ATP-binding cassette transporter A1- and
SR-BI-dependent cell cholesterol efflux (21, 22 ). How-
ever, neither the HDL particle nor the cell cholesterol
efflux capacity assays are standardized. Moreover, it is
difficult to compare data generated by different separa-
tion methods, as each one is based on different properties
of the HDL particle and expresses results in different
units. Our goal was to compare 5 commonly used HDL
separation methods utilizing split samples. We expressed
the size of different HDL subfractions in a standard fash-
ion: as a percentage of the reported total HDL particle
subfractions for each method.

The similarity between the HDL2 subfraction and
�1 (large HDL), separated by the VAP and 2D-PAGE
assays, respectively, has been documented (5, 6 ). Because
both the NMR and IM assays use UC-separated HDL2

subfraction as size standard, we assumed that the large
HDL subfraction percentages, separated by VAP, NMR,
IM, and 2D-PAGE, would be similar. However, in this
study, the NMR assay measured significantly fewer large
HDL, as a percentage of total HDL particles, than the IM
assay (8% vs 22%) in individuals with low HDL-C, al-
though both assays reported HDL particle numbers.
Moreover, results on large HDL in low HDL-C subjects,
generated by the NMR and VAP assays, were also signif-
icantly different (8% vs 20%), although cholesterol
(measured by VAP) should correlate strongly with total
lipids (estimated by NMR). With increasing HDL-C
concentration, results on large HDL generated by NMR
were gradually more similar to results generated by the
other assays. These data indicate that the observed differ-
ences between the NMR and the other 3 assays are de-
pendent on HDL-C concentration. It is worth noting
that such a measurement difference would potentially
reclassify patients from the high risk of CVD to the low
risk of CVD category. There was strong disagreement
between the data on medium HDL and small HDL gen-
erated by the NMR and the 2D-PAGE assays. We hy-
pothesize that the low lipid content in the medium HDL
and especially in the small HDL subfractions makes the

NMR measures less accurate. Furthermore, the fact that
NMR measured significantly fewer large HDL and sig-
nificantly more small HDL than the other methods in-
dicates that during the process NMR may have converted
some large HDL into small HDL.

It has been documented that both �1 (large HDL)
and �2 (medium HDL) particles participate in cell cho-
lesterol efflux via the SR-BI pathway (21, 22 ); therefore,
correct measurement of these HDL subfractions is im-
portant for assessing HDL functionality. Although, in
recent studies, cell cholesterol efflux capacity has been
related to small HDL measured by NMR (23 ), our data
consistently show that cholesterol efflux via the ATP-
binding cassette transporter A1 pathway is linked to pre-
�1-HDL. However, pre-�1 particles have little or no
lipids; therefore, they cannot be measured by NMR.
These small lipid-poor HDL particles were separated us-
ing 2D-PAGE and named pre-�1 by Castro et al. in 1988
(8 ). In 2000, Miyazaki et al. introduced the pre-�1-
ELISA (13 ). In studies in which pre-�1 concentrations
were assessed by ELISA, substantially lower pre-�1 con-
centrations were reported (24, 25 ) than in studies in
which either cross-immune electrophoresis (26 ) or 2D-
PAGE (8, 27, 28 ) was used. Miida et al. also measured
lower values of pre-�1 by ELISA compared with 2D-
PAGE in 12 healthy and 12 hyperlipidemic individuals;
however, based on the correlation coefficient between the
2 assays (R2 � 0.694), the authors concluded that the
pre-�1-ELISA was a sufficient and less cumbersome
method for measuring pre-�1 concentration in plasma
(25 ). In this study, we compared the 2 methods using a
larger and more diverse population. We measured 6-fold
higher pre-�1 concentrations using 2D-PAGE com-
pared with ELISA. The discrepancy is a result of several
factors. Miyazaki et al. have recently shown that the an-
tibody used in the pre-�1-ELISA, mab55201, recognizes
the lipid-free monomer apoA-I and hypothesized that all
pre-�1 particles were composed of monomeric apoA-I
molecules (29 ). In contrast, we have documented that
only about 10% of total pre-�1-HDL was composed of
monomeric apoA-I molecules (17 ). Moreover, in this
study, the ELISA measured no pre-�1 particles in many
samples in which the 2D-PAGE assay showed clear
pre-�1 signals, indicating that only dimeric apoA-I mol-
ecules were present in those samples. To test whether the
pre-�1-ELISA measured only the monomeric, lipid-free
apoA-I in plasma, we separated monomeric apoA-I from
dimeric apoA-I molecules with pre-� mobility utilizing
3% to 16% PAGs (polyacrylamide gels) in 2D electro-
phoresis. With a polyclonal primary antibody, both
forms of apoA-I were detected in the pre-�1 region,
whereas the monoclonal antibody yielded no signal,
suggesting that immobilization of apoA-I to the mem-
brane might have changed the conformation of
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apoA-I, resulting in the loss of the mab55201-specific
epitope.

Conclusions

There are several techniques used to separate and measure
HDL subpopulations. Although they aim to measure the
same parameters—HDL particles with different sizes—
the methods are fundamentally different, and comparing
results across methods is not trivial. The VAP assay mea-
sures cholesterol concentration in HDL2 (large HDL)
and HDL3 (medium/small HDL). The IM assay directly
measures HDL particle numbers in large HDL, interme-
diate HDL, and small HDL. NMR estimates total lipid
concentrations in large HDL, medium HDL, and small
HDL, and particle numbers are calculated from those
data. The 2D-PAGE assay measures apoA-I in the large
HDL, medium HDL, small HDL, and pre-�1-HDL
subfractions.

The NMR assay measured progressively lower con-
centrations of large HDL, especially in subjects with low
HDL-C values, compared with the VAP, IM, and 2D-
PAGE assays. Because of the large discordance in the
measurements of large HDL, the results generated by
NMR were not comparable with those generated by the
other 3 assays. Moreover, there was large discordance
between 2D-PAGE and NMR in measuring the medium
HDL and small HDL subfractions at all HDL-C concen-
trations; therefore, those data were not comparable. The
2D-PAGE assay measured about 6-fold more pre-�1
concentration than the ELISA with a very weak correla-

tion coefficient; therefore, results by these 2 assays were
not comparable.

There is controversy about the role of HDL particles
in the pathogenesis of CVD. Because these particles are
assessed by many different methods, in our view, it is
important to understand the limitations of these meth-
ods and the differences in the results obtained.
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