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Background: Because LDL-cholesterol (LDL-C) is a
modifiable risk for coronary heart disease, its routine
measurement is recommended in the evaluation and
management of hypercholesterolemia. We critically ex-
amine here the new homogeneous assays for direct
determination of LDL-C.
Approach: This review relies on published studies and
data of the authors using research and routine methods
for LDL-C determination. We review experience with
methods from their earlier use in lipid research labora-
tories through the transition to routine clinical testing
and the recent development of homogeneous assays. We
focus on comparative evaluations and characterizations
and the performance of the assays.
Content: Homogeneous assays seem to be able to meet
current National Cholesterol Education Program
(NCEP) requirements for LDL-C testing for precision
(CV <4%) and accuracy (bias <4%), when samples
collected from nonfasting individuals are used. In addi-
tion, all five currently available assays have been certi-
fied by the Cholesterol Reference Methods Laboratory
Network. The homogeneous methods also appear to
better classify individuals into NCEP cutpoints than the
Friedewald calculation. However, the limited evalua-
tions to date raise questions about their reliability and
specificity, especially in samples with atypical lipopro-
teins.
Conclusions: Available evidence supports recommend-
ing the homogeneous assays for LDL-C to supplement
the Friedewald calculation in those cases where the

calculation is known to be unreliable, e.g., triglycerides
>4000 mg/L. Before the homogeneous assays can be
confidently recommended to replace the calculation in
routine practice, more evaluation is needed.
© 2002 American Association for Clinical Chemistry

The association between total cholesterol (TC)4 and risk of
developing coronary heart disease (CHD) has been well
established by studies such as the Framingham Heart
Study. Most of the cholesterol in circulation is carried by
LDL, which has been conclusively shown by many pro-
spective studies and randomized clinical trials to be
primarily responsible for the association with CHD risk
(1, 2). Intervention studies performed in patients with
(secondary prevention) (3, 4) and without (primary pre-
vention) clinically manifested CHD (5–7) clearly demon-
strated the efficacy of lipid-lowering therapies even at
relatively low LDL-cholesterol (LDL-C) concentrations.

The recently updated NIH-sponsored National Choles-
terol Education Program (NCEP) Adult Treatment Panel
III (ATPIII) guidelines, which provide a comprehensive
overview of clinical evidence, maintain the focus of diag-
nosis and treatment efforts on TC and LDL-C, with more
attention to primary prevention in persons with symp-
toms of atherosclerotic disease, diabetes, and multiple risk
factors, especially those associated with the metabolic
syndrome (1 ). Therapy is targeted on lowering LDL-C
values below a target value, which depends on the
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number of other risk factors [low HDL-cholesterol (HDL-
C), cigarette smoking, hypertension, family history of
CHD, and male gender] present. For patients at highest
risk for CHD or with the highest CHD risk equivalents
(the latter considered to be diabetes or a 10-year risk for
CHD �20%, calculated from the Framingham risk tables),
the goal is to achieve LDL-C �1000 mg/L, now consid-
ered an optimal value. For patients with two or more risk
factors, the goal is to bring LDL-C to �1300 mg/L, and for
those with no or one risk factor, the LDL-C goal is �1600
mg/L (1 ). Patients hospitalized for a major coronary
event should have lipid measurements on admission or
within 24 h. An NCEP Expert Panel on Blood Cholesterol
Levels in Children and Adolescents developed guidelines
for detecting, evaluating, and treating children and ado-
lescents with high concentrations of TC and LDL-C (8 ).
Reliable classification of patients necessitates accuracy
and standardization of LDL-C measurements.

The most common approach to determining LDL-C in
the clinical laboratory is the Friedewald calculation,
which estimates LDL-C from measurements of TC, tri-
glycerides (TGs), and HDL-C. Although convenient, the
Friedewald calculation suffers from several well-estab-
lished limitations, which led an Expert Panel convened by
the NCEP to recommend development of accurate direct
LDL-C methods (9 ). Earlier direct methods had limita-
tions for general use. Recently, a new generation of
homogeneous methods capable of full automation has
been introduced that uses specific reagents of various
types to selectively expose and directly measure the
cholesterol associated with LDL.

This review critically examines the new homogeneous
assays within the historical context of the evolution of
LDL-C methods. Biochemical and physical characteristics
of LDL that facilitate separations are described. Consen-
sus opinions regarding the clinical utility of LDL-C are
presented together with guidelines for use in characteriz-
ing and treating dyslipidemias. In addition, the character-
istics of the various assay systems are summarized in
relation to nationally established analytical performance
criteria and participation in programs to establish trace-
ability to the accepted targets for accuracy. A timely and
important question, whether homogeneous assays can be
recommended to replace the Friedewald calculation, is
also addressed.

LDL Characteristics
The LDL class comprises a heterogeneous and polydis-
perse population of particles with sizes between the large
TG-enriched VLDL (density �1.006 kg/L) and the dense
and small protein-rich HDL (density range, 1.063–1.21
kg/L). Classically, LDL particles are defined in terms of
hydrated density as the fraction with density between
1.006 and 1.063 kg/L as obtained by preparative ultracen-
trifugation. This so-called “broad-cut” LDL fraction is
heterogeneous, containing several different lipoproteins:

intermediate-density lipoprotein (IDL), with a hydrated
density of 1.006–1.019 kg/L and including chylomicrons
and VLDL remnants; the main LDL, with a hydrated
density of 1.019–1.063 kg/L; and lipoprotein(a) [Lp(a)], an
LDL-like particle in which apolipoprotein(a) [apo(a)] is
connected by one or more disulfide bonds to apo B-100
(2 ). On preparative ultracentrifugation, most of the Lp(a)
is in the density range of 1.05–1.12 kg/L, thus overlapping
with LDL and HDL2 (10 ). On an agarose gel at pH 8.6,
most LDL particles migrate to the � region (� lipoprotein)
and Lp(a) comigrates to the pre-� region together with
VLDL, whereas IDL forms a broad band between � and
pre-�. In practice, the fractions separated by electrophore-
sis, chemical precipitation, and chromatography are often
simply referred to as LDL, although they do not exactly
correspond to those by ultracentrifugation. Thus, LDL
particles are defined operationally in terms of the analyt-
ical procedure used to isolate them and include a family
of similar particles that vary in size and composition.

The heterogeneity of LDL extends beyond IDL and
Lp(a) with several different subparticle classes. Proposed
nomenclatures for the subclasses are based on density or
size, determined by ultracentrifugation or polyacrylamide
gel electrophoresis. Small, dense LDL subfractions have
been shown to be more atherogenic than the larger,
buoyant LDL subfractions (11, 12). A subclass of remnant-
like particles, determined after immunoseparation of LDL
and nascent VLDL by monoclonal antibodies to apo B-100
and separation of chylomicrons and HDL by monoclonal
antibodies to apo A-I, was also shown to be predictive of
CHD risk (13, 14).

Of the various lipoproteins, LDL particles have the
highest proportion of cholesterol and transport �70% of
plasma TC. The major structural protein is apo B-100,
which is rich in positively charged arginine residues. Each
LDL, IDL, Lp(a), and VLDL particle contains one mole-
cule of apo B-100. HDL particles do not contain apo B-100.
Therefore, apo B-100 determination in VLDL-free serum is
a measure of the number of LDL particles. The C apoli-
poproteins (C-I, C-II, and C-III) are also present in LDL in
trace amounts and in IDL, along with apo E, in relatively
small amounts.

Cholesterol is the principal lipid component of normal
human LDL, comprising �50% of total lipid, including
cholesterol esters (�40%) and unesterified cholesterol
(�15%). The TG and phospholipid content is �10% and
�15%, respectively. Because most analytical procedures
hydrolyze cholesterol esters, the esterified portion is usu-
ally quantified as unesterified cholesterol.

Of particular interest in the context of the homoge-
neous assays is the fractionation of the subspecies: Lp(a),
IDL, and the TG-enriched VLDL and chylomicrons. The
concentration of the latter particles is diet dependent and
can interfere with some LDL methods, discussed in more
detail subsequently.
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Recommendations for Analytical Performance
A NCEP expert laboratory panel in 1995 issued recom-
mendations for measurement of LDL-C, emphasizing the
importance of accuracy and providing analytical perfor-
mance goals similar to those for TC, TGs, and HDL-C (9 ).
The panel recommended standardization of the measure-
ments, i.e., achieving traceability of all results to accepted
Reference Methods (RMs). The CDC uses an RM, based
on the Lipid Research Clinics (LRC) �-quantification
procedure (BQ). The CDC BQ method subjects serum to
ultracentrifugation at density 1.006 kg/L for at least 18 h
at 105 000g to float VLDL and any chylomicrons present.
A tube-slicing technique removes VLDL and the bottom
fraction, which are recovered quantitatively by pipetting
and reconstituted to the original volume. HDL-C is ob-
tained according to the HDL RM using heparin-Mn2� to
precipitate LDL, including IDL and Lp(a), from the BQ
infranate (15 ). Cholesterol is measured in the fractions by
the Abell–Kendall RM (16 ). LDL-C is calculated by dif-
ference as the 1.006 kg/L bottom cholesterol minus
HDL-C.

It is important to recognize that the RM has not been
formally credentialed or demonstrated to separate the
fraction of LDL particles most predictive of CHD risk. The
primary rationale for selecting the CDC RM as the accu-
racy target is to maintain consistency in both research and
patient results over time and with the earlier population
studies from which medical decision points were taken.
For more than a decade, the CDC in collaboration with the
National Heart, Lung, and Blood Institute has offered a
Lipid Standardization Program (LSP) to provide traceabil-
ity for cholesterol, HDL-C, and TGs to research laborato-
ries and manufacturers of diagnostic products (17 ). In
1997, CDC added a program for LDL-C.

The current primary goal for analytical performance in
LDL-C is that total error (bias � 1.96CV) be within 12% of
the true value. The “total error” term, combining the
contributions of imprecision (random error) and inaccu-
racy or bias (systematic error), represents the maximum
tolerable error in measurement of a single specimen to
95% tolerance limits, i.e., in 19 of every 20 measurements.
Imprecision, in proportional units, or CV �4% and bias
�4% from the RM allow a method to meet the current
total-error goal.

Commercial control materials, because of changes in
their characteristics and matrices during the manufactur-
ing process, may not truly depict performance in patient
specimens. Currently, the only approach considered uni-
versally reliable for establishing the accuracy of a routine
LDL-C assay is a direct comparison study on actual
representative patient specimens with the RM. To provide
such comparisons, the CDC established a network of
experienced laboratories, the Cholesterol Reference
Method Laboratory Network (CRMLN), with five labora-
tories in the US and additional ones throughout the world
(described on the AACC website, at www.aacc.org/
standards/cdc/cholesterolinfo.stm). All CRMLN labora-

tories provide traceability to RMs for TC (17 ) and to
Designated Comparison Methods for HDL-C. Currently,
three CRMLN sites offer traceability to the LDL-C RM.
Comparison analyses using fresh human sera follow the
EP-9 protocol of the NCCLS (18 ). Performance within the
accepted limits for inaccuracy and imprecision is neces-
sary for certification. Certification is specific to the instru-
ment and application tested. Hence, certification may not
be representative of all applications for a particular re-
agent. Individual clinical laboratories can also arrange to
complete comparison studies, which is especially appro-
priate for a method not certified by the vendor or one that
has been modified.

Evolution of Methods for Measurement of LDL-C
ultracentrifugation
Separation of lipoproteins by ultracentrifugation includes
both equilibrium and rate methods after adjustment of the
specimen density with salts such as NaBr or KBr (19 ) to
float or sediment particles based on their differences in
hydrated density. As described for the RM above, prepar-
ative fractionations can be achieved by subjecting serum
or plasma to ultracentrifugation at the native non-protein
solute density, �1.006 kg/L, to float TG-rich VLDL and
chylomicrons, which are recovered by tube slicing or by
aspirating with a syringe or pipette. The 1.006 kg/L
bottom fraction, the infranate containing LDL, HDL, IDL,
and Lp(a), can be adjusted to 1.063 kg/L by the addition
of a salt such as KBr and resubmitted to ultracentrifuga-
tion to float LDL (20 ), the cholesterol content of which is
taken as a measure of LDL. Because the ultracentrifuga-
tion steps are tedious and technically demanding, for
routine separation of LDL from HDL simpler precipita-
tion procedures were substituted. The common research
procedure for LDL-C, combining ultracentrifugation and
precipitation, is termed BQ. Recent modifications de-
crease specimen volumes and separation times, improv-
ing convenience (21 ).

Ultracentrifugation as a separation technique is not
only tedious and time-consuming, but the highly labile
lipoproteins can be substantially altered by the high salt
concentrations and centrifugal forces. Furthermore, a
plethora of different types of equipment and tubes are
used, making conditions difficult to reproduce from one
laboratory to another and consistent separations highly
dependent on the skills and care of the technician. Achiev-
ing complete and reproducible recovery is difficult, and
cross-contamination is common. In addition, the fractions
are heterogeneous, containing other functional particles.
Nevertheless, ultracentrifugation is still considered the
classic comparison method and is the basis for the ac-
cepted RM.

electrophoresis
Fredrickson and Lees (22 ) introduced a phenotyping
system to classify hyperlipoproteinemias (HLPs) based on
lipoprotein separation patterns obtained on paper electro-
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phoresis, a scheme that was revolutionary at the time but
now is primarily of historical interest. Later, more conve-
nient cellulose acetate (23 ) and polyacrylamide (24 ) elec-
trophoresis systems were described. The first quantitative
electrophoretic measurement using agarose gels to sepa-
rate lipoproteins followed by precipitation with polyan-
ions (25 ) and densitometric scanning (26 ) gave reliable
values, especially for LDL-C (27–29) with a revised algo-

rithm as demonstrated by comparison to BQ (30 ). Never-
theless, specimens with unusual lipoproteins can produce
errors; e.g., comigration of Lp(a) into the pre-� band (31 ).
Agarose electrophoresis was substantially improved by
the introduction of enzymatic cholesterol determination
using cholesterol esterase, cholesterol dehydrogenase,
and nitroblue tetrazolium chloride dye (32–34) (Table 1).
Comparisons to a modified LRC BQ procedure revealed

Table 1. Methods for separation and quantification of LDL-C.
Procedure Disadvantages Advantages

Ultracentrifugation
Sequential (20) Tedious; large sample volume; relatively imprecise Allows determination of lipoprotein composition
LRC method (combined with

heparin/Mn2� ppt)a (16)
Tedious; large sample volume Basis for CDC RM; well standardized; allows

the determination of lipoprotein composition;
relatively precise

Electrophoresis
Qualitative paper (22), cellulose

acetate (23), polyacrylamide (24)
Not quantitative Easily interpretable lipoprotein profile; allows

classification according to Fredrickson
Quantitative agarose gel

electrophoresis (26)
Requires fresh specimen; Lp(a)-C not resolved Atypical lipoproteins can be observed; reliable

determination of LDL-C concentration
Agarose gel electrophoresis with

subsequent enzymatic staining
(32, 34, 36, 38)

Only semi-automated; requires experience;
somewhat technique dependent

Traceable to CDC RM; relatively precise; allows
detection of atypical lipoproteins and altered
samples; gels can be stored for visual record

Friedewald calculation (40) Well-known limitations: requires fasting; TGs
�4000 mg/L; type III HLP excluded; relatively
imprecise; accuracy declines with TGs �2000
mg/L; inaccurate with increased TGs, e.g.,
secondary HLPs

Extensive experience; used in many clinical
studies; well-established clinical significance;
convenient and inexpensive when TC, TGs,
and HDL-C are measured

Homogeneous
SOL LDL-C method (100) General underestimation of LDL-C, especially at

lower concentration range; LDL-C recovery, 97–
105%; VLDL not totally excluded; only 52–64%
of IDL-C measured; Lp(a)-C not measured?;b

overestimation of LDL-C in type III HLP; reactive
against buoyant and small, dense LDL-C?; apoE-
rich HDL-C not totally excluded; affected by
freezing?; classification of patients not
demonstrated to be better than calculation

CRMLN certified; precise; broad linear range;
fully automated; decreased TG interference
(negative bias); modest interferences from
bilirubin and hemoglobin; Lp(a)-C included?;
does not measure Lp-X cholesterol;
multicenter evaluations available;
postprandial data promising, but not
sufficient to recommend

SUR LDL-C method (111) General underestimation of LDL-C; LDL-C recovery,
87%; VLDL not totally excluded; only 31–47% of
IDL-C is measured; overestimation of LDL-C in
type III HLP; 50% of Lp-X cholesterol also
measured; reactive against buoyant and small,
dense LDL-C?; apoE-rich HDL-C not totally
excluded; freezing?; classification of patients no
better than calculation; no multicenter
evaluations

CRMLN certified; precise; broad linear range;
fully automated; decreased TG interference
(positive bias); interferences from bilirubin
and hemoglobin significantly reduced; Lp(a)-C
included; postprandial data promising, but
not sufficient to recommend

PRO LDL-C method (102, 103) LDL-C recovery?; VLDL not totally excluded; IDL-
C?; Lp(a)-C?; overestimation of LDL-C in type III
HLP; Lp-X cholesterol?; reactivity against
buoyant and small, dense LDL-C?; apoE-rich
HDL-C?; freezing?; classification of patients no
better than calculation; no multicenter
evaluations

CRMLN certified; precise; broad linear range;
reasonably accurate; fully automated;
decreased TG interference (positive bias);
interferences from bilirubin and hemoglobin
significantly reduced; postprandial data
promising, but not sufficient to recommend

CAT LDL-C method (104) LDL-C recovery?; VLDL not totally excluded; only
30% of IDL-C is measured; only 50% of Lp(a)-C
is measured; Lp-X cholesterol?; reactivity
against buoyant LDL-C decreased; apoE-rich
HDL-C?; classification of patients?; LDL-C in
type III HLP?; no multicenter evaluations

CRMLN certified; precise; broad linear range;
fully automated; decreased TG interference;
interferences from bilirubin and hemoglobin
significantly reduced; freezing at �80°C
acceptable; postprandial data promising, but
not sufficient to recommend

CAL LDL-C method (115) No independent evaluations
a ppt, precipitation.
b ?, not known.
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good agreement for LDL-C (r � 0.98), provided speci-
mens with high Lp(a) concentrations were excluded (31 ).
This approach with the Helena REP system (Helena
Laboratories, Beaumont, TX) gave between-day impreci-
sion (CV) of 1.6–12%, depending on lipoprotein concen-
trations.

A more convenient alternative uses agarose gel modi-
fied by addition of a cation such as magnesium, which
slows migration of � and pre-� lipoproteins, producing a
distinct additional band between pre-� and � lipopro-
teins, demonstrated to be Lp(a) by immunofixation. Re-
sults agree well with an electroimmunoassay for Lp(a)
(35 ). Addition of urea to the gel allowed simultaneous
quantification of the �, pre-�, and � fractions as well as
Lp(a)-cholesterol [Lp(a)-C] (36, 37) with the mobility of
Lp(a) independent of apo(a) size polymorphisms. Com-
pared with the modified LRC BQ, the correlation coeffi-
cient and slope for the � fraction were 0.962 and 1.006,
respectively (36 ). A recent evaluation observed total er-
rors for LDL-C between 3.4% and 8.9%, within the NCEP
goal (37 ). Eighty-one percent of individuals were classi-
fied correctly based on the NCEP medical decision points
for LDL-C. Thus, this convenient method can accurately
and precisely measure �-fraction cholesterol directly in
fresh serum from patients with a wide range of TG values
(37 ).

Recently, an electrophoretic method using cholesterol
esterase and cholesterol oxidase with aminoethyl carba-
zole dye was reported (38 ). The detection limit was 42
mg/L per band, and the method was linear up to 4000
mg/L cholesterol. Imprecision was reasonable (CV
�3.3%). Compared with BQ, the mean bias for �-fraction
cholesterol was 2.9%, with a total error of 7.8%. In samples
with TG concentrations of 2000–4000 and �4000 mg/L,
bias increased to 5.5% and 6.9%, respectively (38 ). Sixty-
eight percent of individuals were classified correctly in
relation to NCEP medical decision points for LDL-C. In
fact, 95.7% of individuals were classified in the same or
the immediately adjacent category (38 ). Free fatty acids
enhanced mobility of lipoproteins, which was remedied
by the addition of albumin (39 ). Storage of specimens for
3 days at 4 °C increased LDL-C by �14 mg/L, but
freezing at �20 °C for 12–36 weeks caused larger discrep-
ancies.

Thus, electrophoresis provides not only reliable quan-
tification of the major lipoproteins, but also a visual
display useful in observing variant lipoproteins. Electro-
phoresis is considered the definitive method for detecting
the characteristic broad � band in patients with type III
HLP. However, compared with the highly automated
instruments used for enzymatic and immunochemical
assays, electrophoresis is somewhat labor-intensive and
technique-sensitive and thus is of more interest to the
specialty laboratory than to the high-volume routine
laboratory.

friedewald ldl-c: advantages and shortcomings
In 1972, Friedewald et al. (40 ) published a landmark
report describing a formula to estimate LDL-C as an
alternative to tedious ultracentrifugation. The calculation
was actually proposed for use in epidemiologic studies,
but was later rapidly adopted and became the method of
choice by routine clinical laboratories, in part for eco-
nomic reasons; at the time calculated LDL-C was reim-
bursed (9 ). This report has become the most frequently
cited one in the journal Clinical Chemistry, with �3000
citations in two decades (41 ). Considering its widespread
use, a review of the Friedewald calculation is timely,
focusing on new observations since the last status report
in 1992 (42 ). Calculation has essentially become the
benchmark for routine quantification of LDL-C, one that
each new proposed method must surpass to be accepted.

Principle. Because VLDL carries most of the circulating
TGs, VLDL-cholesterol (VLDL-C) can be estimated rea-
sonably well from measured total TGs (TG/5 for mg/L
units, or TG/2.2 for mmol/L) (40, 43, 44). LDL-C is then
calculated as TC � (measured HDL-C � estimated VLDL-
C).

Limitations. Shortcomings of the procedure were ad-
dressed in the original publication (40 ): Because chylomi-
crons contain proportionately less cholesterol relative to
TGs than VLDL, their presence leads to overestimation of
VLDL-C and underestimation of LDL-C. Because nonfast-
ing specimens often contain traces of chylomicrons, cal-
culation requires a fasting specimen (ideally �12 h).
Similarly, as the TG concentration increases, the propor-
tion of cholesterol to TGs in VLDL decreases, giving rise
to errors. Therefore, calculation was recommended only
for specimens with TGs �4000 mg/L. Type III HLP or
dysbetalipoproteinemia, characterized by accumulation
of remnant lipoproteins with an increased proportion of
cholesterol relative to TGs, also precludes reliable calcu-
lation. For example, mean Friedewald LDL-C in 12 type
III patients was 2207 mg/L compared with 1207 mg/L by
BQ (45 ).

Variability of Friedewald LDL-C. A major disadvantage in
calculating LDL-C is that the variability is a product of the
combined variabilities in the three underlying measure-
ments. The NCEP Expert Panel observed in experienced
and well-standardized lipid laboratories that total analyt-
ical variability in calculated LDL-C averaged �4.0%,
ranging between 2.7% and 6.8% for LDL-C concentrations
between 1000 and 2250 mg/L (46 ). In routine laboratories,
variability appeared to be much higher, e.g., eight survey
samples of the College of American Pathologists (CAP)
Comprehensive Chemistry Survey analyzed in more than
1150 laboratories gave overall CVs averaging �12% (46 ).
This CV reflects not only imprecision within laboratories,
but also method-to-method biases from the many differ-
ent assays used in TC, TG, and HDL-C determinations.
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The Panel, concluding that many routine laboratories
would not be able to achieve the requisite analytical
performance using the Friedewald calculation, recom-
mended development of more precise direct methods.
The TC determinations have the largest effect on variabil-
ity in the calculation (47 ). TG values are divided by 5 and
HDL-C concentrations are relatively lower, diminishing
their impact. Observations from the lipid laboratories as
well as from the CAP survey of routine laboratories
suggested that CVs for LDL-C were approximately twice
those for TC (46 ). However, increasing TGs contribute
progressively more variability to the calculated LDL-C.
Adoption of fully automated homogeneous methods for
HDL-C is expected to improve imprecision, including the
contribution to calculated LDL-C; nevertheless, the con-
clusions of the NCEP Expert Panel are likely still valid.

Modifications of the original Friedewald formula. Formulas for
estimation of VLDL-C are based on the assumption that
specimen composition is uniform, i.e., a relatively consis-
tent relationship between VLDL-C and TGs. Since the
original publication, many studies including large popu-
lations as well as different ethnic groups have attempted
to improve the reliability of the Friedewald equation by
adjusting the conversion factor (48–54). Some were sum-
marized in the 1992 status report (42 ). Other reports
proposed modifications in the denominator, added a
y-intercept (55–57), included apo B-100 measurements
(58 ), or calculated LDL-C over LDL-apo B-100 (59 ). How-
ever, most modifications were appropriate only for a
particular segment of the population or were flawed
because they failed to provide a comparison with an
accurate RM; none of the modifications have been consid-
ered to provide sufficient improvement to be recom-
mended for general use, and the original Friedewald
calculation has persisted to the present.

Reliability of Friedewald LDL-C with increasing TG concen-
tration. The reliability of the LDL-C estimations decreases
considerably with increasing TG concentrations (60, 61).
Specimens with TG concentrations �2000 mg/L give best
agreement with BQ; 86–92% show deviations of �10%
(60, 61). In specimens with TG concentrations of 2000–
3000 and 3000–4000 mg/L, concordance decreased to 75%
and 61%, respectively. In specimens with TG concentra-
tions of 4000–5000 mg/L, only 41% showed deviations of
�10%, and concordance decreased to 20% in specimens
with TGs �5000 mg/L (61 ).

Postprandial effect. With the LRC BQ method, LDL-C
decreased significantly, by 8% and 6%, after 3 and 6 h
postmeal, respectively. With calculation, the apparent
change was much larger, decreasing significantly after 3,
6, and 9 h, by 22–37%, 15%, and 8%, respectively (62, 63).
Therefore, reliable calculation requires a fasting specimen;
the minimum is 8 h, but up to 12 h is recommended
(62, 63).

Classification of patients according to NCEP guidelines using
the Friedewald formula. An important indicator of reliability
of a method is correct classification of patients by the
NCEP medical decision points for LDL-C. Two large
studies with �10 000 participants compared calculated
LDL-C with the LRC BQ. With NCEP medical decision
points of �1300, 1300–1600, and �1600 mg/L, 86–88% of
the participants were classified correctly (60, 61). An
additional 5% were classified one medical decision point
low, and 6% were classified one medical decision point
high. Only 0.4% were misclassified two medical decision
points high, and all of those had type III HLP (60 ). A
Finnish study observed that misclassification over two
medical decision point levels was also rare, only 2% (64 ).
These studies are encouraging, but both were conducted
in experienced specialty lipid laboratories and may not be
representative of performance in routine clinical labora-
tories.

Effects of Lp(a). A modified formula was suggested that
involved subtracting Lp(a)-C from calculated LDL-C (65 ).
This practice may be of interest for research, but it is
inconsistent with BQ, the RM, and NCEP recommenda-
tions for routine quantification (66 ), which include Lp(a)-
C within a broad-cut LDL fraction together with the other
atherogenic lipoproteins: Lp(a), IDL, and remnants.

Secondary HLPs. During recent years, several studies (67–
75) investigated the application of the Friedewald for-
mula in patients with secondary HLPs. These conditions,
discussed below individually, are characterized predom-
inantly by increased TGs, which are well known to make
the Friedewald calculation less accurate.

Diabetes. The robustness of Friedewald LDL-C in
diabetic individuals was investigated in several studies
during the last decade (67–71). Rubies-Prat et al. (68 )
showed a concordance of Friedewald LDL-C with BQ
with an error �10% in only 49% of diabetic individuals
and concluded that the Friedewald equation should not
be used for management of lipid abnormalities in patients
with type II diabetes mellitus. In contrast, Winocour et al.
(67 ) previously considered calculation appropriate in
patients with type II diabetes after demonstrating good
correlation with BQ (r � 0.98). Hirany et al. (69 ) observed
that the Friedewald equation significantly underesti-
mated LDL-C in diabetic individuals by 8% vs BQ,
especially in serum samples with TG concentrations
�2000 mg/L. However, the correlation coefficient was
0.969, and 68% of Friedewald LDL-C values were
within � 10% of BQ (69 ). In another study (70 ), Friede-
wald LDL-C showed deviations from BQ �5% in 41% and
up to 10% in 74% of specimens, respectively. Calculated
LDL-C correlated highly with BQ (r � 0.96), with a
significant average underestimation of 5.4% with bias
independent of hemoglobin A1c. Branchi et al. (71 ) dem-
onstrated a bias of �10% between calculated and BQ
LDL-C in 34% of diabetic patients and in 26% of samples
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from nondiabetic individuals. However, when serum TGs
were �2000 mg/L, the inaccuracy of Friedewald LDL-C
(absolute bias �10%) was found to be similar in the two
groups. Thus, the observed discrepancies are likely a
result of the increased proportion of diabetic patients with
TGs between 2000 and 4000 mg/L rather than to some
other specific effect in diabetes (71 ).

End-stage renal disease. Two studies compared
Friedewald LDL-C to BQ in patients with end-stage renal
disease (72, 73). In samples collected after a 10-h fast
before dialysis, with TGs �4 g/L (72 ) or �2.8 g/L (73 ),
calculated LDL-C was considered reliable. However,
�20% of hemodialysis and continuous ambulatory peri-
toneal dialysis patients had TG values �4 g/L, making
calculation invalid (72 ) and requiring a more robust
method, such as BQ.

Hepatic failure. A small study of 47 alcoholic patients
with minimal change or cirrhotic liver disease (74 ) ob-
served reasonable agreement between BQ and Friedewald
LDL-C provided that grossly hypertriglyceridemic speci-
mens were excluded. Liver disease increases the TG
content of LDL and HDL and decreases that in VLDL,
making calculated VLDL-C falsely high with underesti-
mation of LDL-C. Thus, for patients with minimal change,
calculated LDL-C was biased �16%, and for those with
liver cirrhosis, calculated LDL-C was biased �14%, com-
pared with �6% in the control group.

Hormone replacement therapy. The Friedewald equation
underestimated LDL-C compared with BQ in hormone-
treated women (75 ) by 2–4 mg/L, on average, a discrep-
ancy considered negligible. However, in research studies,
to avoid the bias a denominator of 0.17 (mg/L) might be
considered for hormone-treated postmenopausal women.

Summary. Previous studies of the Friedewald calculation
have determined that at TG concentrations �2000 mg/L,
the Friedewald formula can provide a reliable estimate of
LDL-C concentration. With TGs of 2000–4000 mg/L, the
reliability is considered acceptable in most cases but may
be compromised, which is of special concern, in patients
with secondary HLP. For individuals with TGs �4000
mg/L, chylomicrons, or type III HLP, the use of the
Friedewald equation for LDL-C estimation is not consid-
ered valid.

Conclusion. The original Friedewald calculation has gen-
erally prevailed for use in routine laboratories despite the
well-established limitations, the many suggested modifi-
cations, and introduction of various direct methods for
LDL-C in spite of the recommendation by the NCEP
Expert Panel, the Working Group on Lipoprotein Mea-
surement, that convenient direct methods be developed to
achieve the total error limit of � 12% (9, 76). The Working
Group did pragmatically acknowledge continued use of
the calculation, despite the known concerns, until well-
validated direct methods become available.

Direct Methods for Determination of LDL-C
first-generation methods (using chemical
precipitation)
Even before the NCEP recommendation, attempts were
made to develop convenient methods for direct separa-
tion of LDL. LDL particles were precipitated with reason-
able specificity by the addition of certain reagents, such as
heparin at pH 5.12 (Merck, Genzyme, and Polymedco)
(57, 77–83); polyvinylsulfate (Roche Diagnostics)
(57, 78, 80–82, 84, 85); unspecific amphiphatic polymers
(BioMerieux) (57, 78–80, 86–88); or dextran sulfate (Pro-
gen) (57, 81, 82, 89). After centrifugation to sediment pre-
cipitated LDL and cholesterol analysis, LDL-Cprec was
calculated as the difference between the TC in serum and
the supernate (non-LDL). Alternatively, LDL-Cprec could
be measured directly after dissolving the precipitate.

Nevertheless, these early precipitation procedures for
LDL-C did not replace the more convenient Friedewald
calculation; evidence was never compelling that precipi-
tation offered appreciable advantages in precision, accu-
racy, or specificity (42 ). In addition, free fatty acids (�2
mmol/L) were shown to interfere negatively with precip-
itation of LDL by dextran sulfate and polyvinylsulfate
(57, 82, 89). Serum TGs �4000 mg/L, known to compro-
mise the Friedewald calculation, also interfered with the
precipitation methods; indeed, some VLDL and especially
VLDL remnants were shown to coprecipitate with all of
the commercially available precipitation procedures
(42, 57). Recently, the coprecipitation of VLDL remnants
by dextran sulfate was exploited in a screening test for
type III HLP (90 ).

second-generation methods
In 1994, an immunoseparation method, Direct LDLTM

(Genzyme Diagnostics and Sigma Diagnostics), became
commercially available. The reagent, no longer in distri-
bution, contained polyclonal (goat) antibodies to human
apo A-I and apo E bound to polystyrene latex beads and
was designed to remove chylomicrons, HDL, VLDL, and
IDL particles, allowing direct determination of LDL-C
(91 ).

The separation was reasonably specific for LDL, but
traces of VLDL were detected in hypertriglyceridemic
samples (45 ). Only 75% of serum Lp(a)-C was measured
with the LDL fraction (92 ) and none of IDL-cholesterol
(IDL-C), an obvious difference from BQ (91, 93). Between-
run CVs were 2.0–5.2% in different studies
(45, 91, 92, 94, 95), with a mean total error of 13.8% (range,
11.8–15.1%) (95 ). Freezing affected results, although sam-
ples could be stored at 4 °C for up to 3 weeks (95 ).
Agreement with BQ was reasonable in specimens from
individuals with normocholesterolemia, combined hyper-
lipidemia, or isolated hypoalphalipoproteinemia (94 ); in
contrast, hypercholesterolemia produced a negative bias
(�5.8%). Hypertriglyceridemia gave an average positive
bias of 5–12.5% (45, 83, 94), but scatter was fairly evenly
distributed high and low with no clear TG-dependent
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trend (91 ), giving reasonable agreement even with TGs
�4000 mg/L. Type III HLP gave results equivalent to (45 )
or lower than (83, 91) those obtained by BQ. Another
potential advantage was the claimed ability to use non-
fasting specimens, although postprandial changes might
affect reliability of classification.

A simplified LipiDirect Magnetic precipitation proce-
dure (Reference Diagnostics) (96, 97) avoided the need for
centrifugation by use of heparin-coated magnetic beads at
pH 5.1 to remove LDL from serum, with HDL and VLDL
remaining in solution. However, separation using heparin
was previously shown to have limited specificity (42, 57).
The assay showed run-to-run imprecision of 0.7–2.7%.
Comparison of 49 specimens to BQ gave the following
regression equation: LipiDirect Magnetic LDL-C �
1.054BQ � 50.0 mg/L; r � 0.937. Similar results were
observed in comparisons with calculated LDL-C and with
immunoseparation (96 ). Frozen samples from the CAP or
the CDC gave mean recoveries of 102.7% and 97%,
respectively. By contrast, frozen samples with high
VLDL-C gave falsely high LipiDirect Magnetic LDL-C
concentrations (96 ), supporting the limited specificity.
When postprandial samples were compared with fasting
samples, a small mean difference of �2.3% was observed
(1145 vs 1115 mg/L) (98 ), based on results published only
as abstracts (96–98).

In summary, the simplified magnetic precipitation
procedure improves specimen handling, but still requires
large sample volumes and special equipment and may not
be highly specific.

third-generation methods (homogeneous assays)
In 1998, following the introduction of homogeneous
methods for HDL-C (99 ), the first of a new generation of
homogeneous methods for LDL-C determination was
reported from Japan. A major advantage is the capability
for full automation in direct determination of LDL-C.
Another potential advantage is improved precision from
automated pipetting and accurate control of timing and
temperature. Homogeneous methods thus have the po-
tential to improve analytical performance and satisfy the
recommendation of the NCEP Expert Panel. However,
one must consider that the Friedewald LDL-C can be
calculated simply from values usually available, obviating
the need for additional measurement. The homogeneous
methods, therefore, must demonstrate clear advantages in
performance and economics to replace calculation in
managing patients.

Five homogeneous methods have become commer-
cially available: from Kyowa Medex, Daiichi Pure Chem-
icals, Wako Pure Chemical Industries, Denka Seiken, and
International Reagents Corp. (Fig. 1 and Table 2). The
assays contain different detergents and other chemicals,
which allow specific blocking or solubilization of lipopro-
tein classes to achieve specificity for LDL-C. The choles-
terol in LDL is measured enzymatically in the same
cuvette. All suppliers offer reagent sets, containing two

reagents, that are readily adaptable to most clinical chem-
istry analyzers.

In 1998, Sugiuchi et al. (100) described in detail the
mechanisms of an innovative homogeneous method for
LDL-C determination and provided the first data about
the characteristics of the method offered by Kyowa Medex
and distributed by Roche Diagnostics. The reagent set
includes two reagents. The first reagent contains MgCl2,
dye, buffer (pH 6.75), and �-cyclodextrin sulfate, previ-
ously used in their homogeneous HDL-C assay (101),
which has a highly concentrated negative charge to mask
cholesterol in chylomicrons and VLDL in the presence of
magnesium ions (100, 101). Reagent 2 contains the en-
zymes cholesterol oxidase and cholesterol esterase, per-
oxidase, dye, buffer (pH 6.75), and a polyoxyethylene-
polyoxypropylene block polyether (POE-POP) to block
cholesterol, especially in HDL (100). Selectivity to LDL
depends on the molecular mass (3850 Da was demon-
strated to be optimum) of the POP block in the POE-POP
molecule and the hydrophobicity index (90%) (100). A

Fig. 1. Principles of homogeneous LDL-C assays.
Schematic reaction mechanisms for each of the five homogeneous methods for
LDL-C quantification. CM, chylomicrons; 4-AA, 4-aminoantipyrene; HSDA, N-(2-
hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline, sodium salt; CM-C, chylomicron-cho-
lesterol; HDAOS, N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline.
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4-�L serum sample is mixed with 300 �L of reagent 1 and
incubated at 37 °C for 5 min before 100 �L of reagent 2 is
added. The mixture is incubated for another 5 min, and
the chromophore is measured spectrophotometrically at
600 nm (primary) and 700 nm (secondary).

The homogeneous LDL-C assay, from Daiichi Pure
Chemicals Company, is distributed by Genzyme Diagnos-
tics. A 3-�L serum sample is incubated with 300 �L of
reagent 1 for 5 min at 37 °C. Reagent 1 contains ascorbic
acid, oxidase, 4-aminoantipyrene, peroxidase, cholesterol
oxidase, cholesterol esterase, buffer (pH 6.3), and a deter-
gent, which solubilizes all non-LDL lipoproteins. The
cholesterol reacts with cholesterol esterase and cholesterol
oxidase, generating hydrogen peroxide, which is con-
sumed by a peroxidase in the presence of 4-aminoan-
tipyrene with no color generation. Reagent 2 (100 �L) is
then added, which contains N,N-bis-(4-sulfobutyl)-m-
toluidine disodium salt, buffer (pH 6.3), and a specific
detergent, which specifically releases cholesterol from
LDL particles. An enzymatic reaction similar to that
described above occurs except that the hydrogen peroxide
reacts with N,N�-bis-(4-sulfobutyl)-m-toluidine disodium
salt to generate a colored product [measured at 546 (main)
and 660 (subsidiary) nm] that is proportional to LDL-C.

The homogeneous LDL-C assay from Wako Chemicals,
which is distributed by Sigma Diagnostics, contains two
ready-to-use reagents. Reagent 1 consists of Good’s buffer
[pH 6.8; N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxy-
aniline, sodium salt], cholesterol esterase, cholesterol ox-
idase, catalase, polyanions, and amphoteric surfactants,
which selectively protect LDL from enzyme reaction. The
non-LDL cholesterol reacts with cholesterol esterase and
cholesterol oxidase, producing hydrogen peroxide, which
is consumed by catalase. Reagent 2 contains Good’s buffer
(pH 7.0), 4-aminoantipyrene, peroxidase, sodium azide,
and deprotecting reagent. The nonionic surfactants re-
move the protecting agent from LDL, enabling the specific
reaction of cholesterol esterase and cholesterol oxidase
with LDL-C. The resulting hydrogen peroxide yields color
with Trinder’s reagent and 4-aminoantipyrene in the
presence of peroxidase. Serum (3 �L) is added to 270 �L
of reagent 1 and incubated at 37 °C for 5 min; 90 �L of
reagent 2 is then added and incubated for another 5 min.
The blue color complex produced has an absorbance peak

at �600 nm and is measured at 600 nm (primary) and 700
nm (secondary) (102, 103).

The fourth homogeneous assay, from Denka Seiken
(distributed by Polymedco Inc.), removes non-LDL cho-
lesterol via a selective reaction with cholesterol oxidase
and cholesterol esterase, with the resulting peroxide by-
product eliminated by reaction with catalase. Reagent 1
consists of 20 mmol/L MgCl2, 600 U/L cholesterol ester-
ase, 500 U/L cholesterol oxidase, 200 U/L catalase,
and 0.6 mmol/L N-(2-hydroxy-3-sulfopropyl)-3,5-
dimethoxyaniline, sodium salt; 0.24 g/L Emulgen 66
(polyoxyethylene compound; Kao), and 0.6 g/L Emulgen
90 in Good’s buffer (100 mmol/L PIPES, pH 7.0). Emulgen
66 and Emulgen 90 are nonionic surfactants, and the
hydrophile:lipophile balance (HLB) of the combination
was 13.5. Sample (4 �L) is added to 300 �L of reagent 1
and incubated at 37 °C for 5 min, after which 100 �L of
reagent 2 is added, containing 2000 U/L peroxidase, 4
mmol/L 4-aminoantipyrene, 1 g/L sodium azide, and 20
mL/L Triton X-100 (HLB � 12.8) in Good’s buffer. So-
dium azide inhibits catalase in this step. The resulting
color is measured at dual wavelengths, 600 nm (primary)
and 700 nm (secondary). The reactivity of cholesterol in
the different lipoproteins depends largely on the HLB of
the detergents. At HLB �12.8, the cholesterol of all
lipoproteins is measured. With increasing HLB, reactivity
decreases, especially for LDL and to a lesser extent for
VLDL and IDL. In contrast, reactivity toward HDL is
blocked only at HLB �13.8 (104).

The homogeneous LDL-C assay from International
Reagents Corporation, apparently not available in the
US, uses 5 �L of serum and 180 �L of reagent 1 with
incubation. Calixarene, a detergent, converts LDL to a
soluble complex. Cholesterol esters of HDL-C and
VLDL-C are preferentially hydrolyzed by a cholesterol
esterase (Chromobacterium); cholesterol oxidase and
hydrazine then convert the accessible cholesterol to cho-
lestenone hydrazone. In a second step, 60 �L of reagent 2
(deoxycholate) is added, breaking up the LDL-calixarene
complex and allowing LDL-C to react with the esterase, a
dehydrogenase, and �-NAD to yield cholestenone and
�-NADH; the latter is measured spectrophotometrically.

Results of published evaluations of these methods will
be presented subsequently.

Table 2. Performance characteristics of homogeneous LDL-C assays.

Method
No. of

citations CV, %
Dynamic

range, mg/L

Recovery, % Accuracya

LDL VLDL IDL Bias, % Bias, mg/L

SOL 8 0.7–3.1 2–4100 97–105 16 52–64 0.8–11.2 �60 to �80
SUR 9 �3.1 4–10 000 87 19 31–47 3.9–5.1 �48 to �80
PRO 1 �1.2 10–3000 ?b ? ? 0.4 �15
CAT 2 �1.8 70–5500 95 10 31 ? ?
CAL 1 �0.6 ?–4000 ? ? ? ? ?

a Bias from RM or other equivalent BQ methods. Details are given in the text.
b ?, not known.
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Solubilization LDL-C assay (SOL; Kyowa Medex). The SOL
assay has been evaluated in various studies, including
comparisons with BQ and one multicenter study.

Imprecision and dynamic range. In all published
studies, the imprecision was clearly within the NCEP goal
of �4% (range, 0.7–3.1%) (100, 103, 105, 106). The detec-
tion limit was 2 mg/L, and the method was linear up to at
least 4100 mg/L (100, 103).

Specificity. The reactivity of cholesterol decreased
with increasing POE-POP concentrations in all lipopro-
tein fractions in the following order: LDL �� VLDL �
chylomicrons 	 HDL. POE-POP affected elution patterns
of LDL in gel-filtration chromatography. In the absence of
POE-POP, proteins (predominantly apo B-100), choles-
terol, and phospholipids eluted together. With POE-POP,
two separate peaks were obtained, the first containing
mainly apo B-100 and the second containing cholesterol
and phospholipids. POE-POP solubilized the LDL lipids
into mixed micelles with the peripheral hydrophilic POE
blocks in solution and the central hydrophobic POP
blocks anchoring the surfactant to the hydrophobic sur-
face of the apolipoproteins, facilitating participation in
enzymatic reactions with cholesterol esterase and oxidase
(100). POE-POP had little effect on HDL; no separation of
proteins and lipids was observed (100). Inclusion of Mg2�

and �-cyclodextrin sulfate suppressed the reactivity of
cholesterol in TG-rich lipoproteins (100).

IDL was only partially recovered, 52–64% (107, 108),
whereas VLDL gave a recovery of 16%, indicating that
VLDL is not completely excluded (108). In addition, apo
E-rich HDL was not completely excluded, with an aver-
age of 17.8% measured by the SOL assay as LDL-C. In
contrast, samples with increased Lp(a) did not increase
the bias, suggesting that Lp(a)-C is included, consistent
with BQ (100). However, a conflicting report concluded
that Lp(a)-C was not included with LDL in this assay
(109). Addition of lipoprotein-X (Lp-X), using sera from
patients with cholestasis, confirmed that the SOL assay
did not measure Lp-X cholesterol as LDL-C (107). Type III
HLP gave an overestimation of �30% (103), but the
discrepancy was much smaller than that observed with
the Friedewald calculation. Nevertheless, SOL cannot be
recommended for type III HLP. In general, these studies
suggest that the method is not completely specific for LDL
particles, indicating the challenges in separation of LDL.

Method comparisons. A multicenter study compared
SOL with a BQ procedure performed in three laboratories,
all enrolled in the CDC LSP, and two in the Alert Lipid
Proficiency survey (105). The Alert program, which pro-
vided accurate LDL-C targets by RM on fresh sera to
assure reliable assessments of accuracy, supplemented the
CDC-National Heart, Lung, and Blood Institute LSP pro-
gram, which surveys TC, HDL-C, and TGs, but not the BQ
LDL-C, and used frozen sera. In the three laboratories, the
relationship by linear regression was as follows: SOL �
1.037BQ � 95.8 mg/L; r � 0.968; n � 355. In samples with
TGs �4000 mg/L, the slope and y-intercept were nearly

unchanged (SOL � 1.035BQ � 111 mg/L; r � 0.957; n �
313), whereas in samples with TGs �4000 mg/L, the slope
and y-intercept increased (SOL � 1.074BQ � 169 mg/L;
r � 0.954; n � 42) (105). Overall the SOL method averaged
a 5% negative bias in normo- and hypertriglyceridemic
samples. In addition, the SOL method was evaluated in a
multilaboratory comparison on 29 samples with target
values established by the CDC RM. Aliquots were mea-
sured in seven laboratories in the US and Europe with
reasonably good agreement, regardless of the type of
Hitachi analyzer used; slopes of the regression lines were
all �1.00 (1.043–1.110), and y-intercepts were all negative
(�41.3 to �81.7 mg/L) (105). Mean biases ranged from
�12 to 72 mg/L.

Another evaluation was performed in a laboratory
standardized by the CDC LSP and participating in the
Alert program (106). For all 134 samples with TG concen-
trations of 184–12 287 mg/L, the equation of the regres-
sion line was: SOL � 1.029BQ � 185.8 mg/L (r � 0.962).
In a subset of samples with TGs �4000 mg/L, the slope of
the regression line increased (from 1.029 to 1.139), and the
negative intercept was more pronounced (�255.4 mg/L).
The overall negative bias of �8% indicates either incom-
plete measurement of the cholesterol content of all the
broad-cut LDL fraction or perhaps inaccurate calibration
(106).

The SOL was compared with a modified BQ in another
laboratory enrolled in the LSP (103). The regression
equation was: SOL � 1.052BQ � 168.8 mg/L (r � 0.929;
n � 176). A negative systematic error with a mean bias of
�95 mg/L was observed with positive correlation be-
tween bias and the VLDL-C/TG ratio, which may indicate
a source of inaccuracy in the assay (103).

The SOL was also compared with BQ in 86 normolipi-
demic samples. The equation of the regression line was:
SOL � 1.001BQ � 3.87 mg/L (r � 0.989). In this study, the
relationships did not seem to vary for normo- or hyper-
triglyceridemic samples (100). Another study included
100 children with a mean age of 7.7 years (range, 4–12
years). Two blood samples were drawn from each partic-
ipant within 2 weeks: one after a �9-h fasting period and
another in the postprandial state (110). The relationships
by linear regression in fasting and nonfasting samples
were: SOL � 0.80BQ � 127.7 mg/L (r � 0.891) and SOL �
0.66BQ � 239.4 mg/L (r � 0.747), respectively. The reason
for the observed discrepancies with BQ between adults
and children is not clear at present, but the results suggest
that this method should be used with caution in pediatric
populations.

Accuracy. The SOL assay showed consistent negative
biases to BQ of �60 to �140 mg/L, independent of LDL-C
concentration (103, 105, 106, 110). Esteban-Salan et al.
(103) observed an average difference of �95 mg/L, with
the least negative bias in type IIa HLP (�44.3 mg/L) and
the largest negative bias in types IIb and IV, averaging
�125 and �129 mg/L, respectively.

Recoveries of added LDL varied between 97% and
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105% (100). Differences in systematic errors were ob-
served and decreased with increasing LDL-C concentra-
tions. In different studies, the systematic error of the SOL
LDL-C assay ranged from 0.8–6.3% (105) to 6.8–11.2%
(106) and 5.53–10.69% (103). Although the systematic
error was often �4%, the SOL assay seemed to meet the
NCEP total error target in the range of clinical decisions
because of its excellent precision (103, 105). However, in
another study, only at high LDL-C concentrations (�1900
mg/L) was the NCEP goal met; the negative systematic
error was more pronounced at lower LDL-C concentra-
tions (106).

Classification. For 355 samples from a study in which
the SOL homogeneous LDL-C assay met the NCEP ana-
lytical performance goals at all concentration ranges,
patient classification based on LDL-C medical decision
points of 1000 and 1300 mg/L agreed with BQ in 99% and
96% of cases, respectively; between 1300 and 1600 mg/L,
classification agreed in 68% of cases; at concentrations
�1600 mg/L, classification agreed in 81% of cases, and at
concentrations �1900 mg/L, classification agreed in 89%
(105). The concordance was dependent on TG concentra-
tion and was lowest (85%) at TG concentrations �2000
mg/L. With TG concentrations of 2000–3999, 4000–5999,
and �6000 mg/L, the concordance increased from 88.9%
to �97.5% and 100%, respectively (105). Another ap-
proach for judging the reliability of an assay is calculation
of the positive (PPV) and negative predictive values
(NPV). The PPV of an LDL-C assay at each specific
medical decision point was calculated as: [true positive/
(true positive � false positive)] 
 100, where “true
positive” means that the LDL-C results of both compared
methods were greater than or equal to the cutoff concen-
tration, and “false positive” means that the test method’s
LDL-C result was higher than the cutpoint when the BQ
procedure LDL-C was below the cutpoint. NPVs were
calculated similarly. The PPV of LDL-C decreased with
increasing LDL-C concentrations from 100% to 91%,
whereas the NPV increased from 80% to 99% (105). In the
same study, Friedewald LDL-C was determined in paral-
lel with the SOL assay. The patient classification rates at
the same LDL-C medical decision points of �1300, �1600,
�1600, and �1900 mg/L were 97%, 97%, 86%, and 91%,
respectively. The PPV was practically identical for Friede-
wald LDL-C and the SOL assay, whereas the NPV was
slightly better for Friedewald LDL-C. In summary, the
SOL assay did not appear to be superior to Friedewald
LDL-C in patient classification.

In another study, because of the systematic underesti-
mation of LDL-C with the SOL assay, especially in those
with LDL-C �1300 mg/L, �95% of participants were
classified correctly, whereas at LDL-C concentrations of
1300–1600 or �1600 mg/L, �50% were classified cor-
rectly (104). In the study by Esteban-Salan et al. (103),
increasing TG concentrations gave poorer classification,
with concordance decreasing from 98% in samples with
TGs �2000 mg/L to just more than 91% in samples with

2000–4000 mg/L, and to 75% in samples with TGs of
4000–10 000 mg/L. The PPVs and NPVs ranged between
90.3% and 99.0% and 74.4% and 96.7%, respectively.

In a pediatric population, the SOL assay classified 91%
(fasting) and 89% (nonfasting) of individuals in concor-
dance with BQ at the LDL-C medical decision point of
1100 mg/L and 93% (fasting) and 91% (nonfasting) of
individuals at 1300 mg/L, respectively. The Friedewald
calculation was in better agreement with BQ when only
fasting samples were used, with 96% and 97% of individ-
uals, respectively, classified correctly (109).

TG dependence. The SOL LDL-C assay did not show
any relevant interference from high TGs up to 10 000
mg/L. No bias to BQ was observed in samples with high
TG or HDL-C concentrations (100). This observation was
confirmed in further studies, because the negative bias of
the LDL-C SOL to BQ changed only slightly (from 30 to 50
mg/L) at TG concentrations of 1000 mg/L compared with
TG concentrations of 10 000 mg/L (105, 106). In samples
with TGs �6000 mg/L, the results decreased by �5%
(103). In experiments in which isolated VLDL and chylo-
microns were added to samples, a negative bias of �10%
was found only when TGs exceeded 10 000 mg/L (105).

A comparison between samples collected in the fasting
and nonfasting states from 43 individuals revealed a
significant decrease in the SOL LDL-C results determined
postprandially (1345 vs 1262 mg/L; P �0.001). However,
classification of individuals agreed with BQ in 86% (37 of
43) when nonfasting samples were used compared with
83% (36 of 43) in fasting (105). In samples collected from
children in the nonfasting state, the negative bias in-
creased slightly compared with samples collected after a
9-h fast (871 vs 894 mg/L) (109). However, the differences
did not reach statistical significance (109).

Other interferences. Hemoglobin caused an �10%
positive bias at 6000 mg/L, whereas unconjugated and
conjugated bilirubin at 500 and 250 mg/L, respectively,
decreased the LDL-C results by �5% (100, 103, 105). In-
terferences were negligible for bile acids up to 200
�mol/L (107). No adverse effects were seen with ascorbic
acid (up to 2.84 mmol/L), Intralipid® (up to 10 g/L),
EDTA (up to 0.27 mmol/L), or citrate (up to 0.34 mmol/L)
(100). Storage at �20 and �40 °C did not influence the
results within a time period of at least 8 weeks (103), with
the exception of grossly hypertriglyceridemic samples
(�10 000 mg/L), in which a positive bias of 1200–2000
mg/L was observed (105).

Summary. The SOL homogeneous method has been
extensively evaluated. Results suggest that the SOL
method is reasonably but not completely specific for
LDL-C, leading to systematic underestimation, especially
at low LDL-C concentrations. The method, even when
calibrated appropriately, appears to give a slightly poorer
concordance with BQ than the Friedewald calculation in
classification of patients. However, in general, the method
is more accurate than the Friedewald calculation in type
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III patients, in nonfasting individuals, and when TGs are
�4000 mg/L.

Surfactant LDL-C assay (SUR; Daiichi). The SUR assay has
been evaluated in studies including comparisons with BQ,
but not in multicenter studies.

Imprecision and dynamic range. The day-to-day im-
precision was �3.1% (111). According to the manufac-
turer, the method is linear up to 10 000 mg/L, and the
detection limit is 4 mg/L.

Specificity. A small study (n � 31) with LDL isolated
by ultracentrifugation revealed a mean recovery of 87%
(108). Although the exact reason for this bias is unknown
at present, it seemed to be related to incomplete determi-
nation of IDL (111). This hypothesis was confirmed via
experiments showing that, on average, only 31–47% of
IDL-C was detected after addition (107, 108). Further-
more, the recovery of VLDL was 19%, indicating a lack of
specificity (108). In contrast, Lp(a) seemed to be com-
pletely included with LDL, which is appropriate. This
study was confirmed by the fact that serum with a high
Lp(a) concentration did not show an increased discrep-
ancy (112). Other studies revealed that the SUR LDL-C
assay measured �50% of Lp-X cholesterol and 7.6% of
apo E-rich HDL-C as LDL-C (107).

Method comparisons. A comparison study by a labo-
ratory participating in the CDC LSP, using a modified BQ
procedure, showed a mean bias of �1.2% for six consec-
utive surveys of the Alert survey program (111) and gave
the following regression line for 199 serum samples
collected from fasting individuals: SUR � 0.91BQ � 34.4
mg/L (r � 0.95), with a mean negative bias of �48.4
mg/L, or �3.8%. In a subgroup of samples with TGs
�4000 mg/L, the performance of the assay was worse
(SUR � 0.89BQ � 89.8 mg/L; r � 0.94; n � 164) than that
seen in samples with TGs �4000 mg/L (SUR � 1.02BQ �
29 mg/L; r � 0.96; n � 35). In the two subgroups, the
mean biases were �58.4 and �1.6 mg/L, respectively.
This study was further confirmed by another evaluation
(106) in which samples with TGs of 184–12 287 mg/L
gave the following regression line: SUR � 0.986BQ � 46.5
mg/L (r � 0.961; n � 134). The SUR assay averaged 5.1%
lower values than those obtained by BQ (1289 vs 1358
mg/L; P �0.05). Thus, the SUR assay showed a negative
bias of �80 mg/L, which increased slightly with increas-
ing LDL-C concentrations.

The performance of this assay was also evaluated in
100 children with a mean age of 7.7 years (range, 4–12
years). Blood samples were drawn after a �9-h fasting
period (110). The equation of the regression line was:
SUR � 0.90BQ � 30.96 mg/L (r � 0.973). The mean bias
from BQ was �7.3%.

The performance of the SUR method was compared
with that of the Vertical Auto Profile (VAP) method (113)
in diabetic patients. The equation of the regression line
was: SUR � 0.96VAP � 25 mg/L (r � 0.959; n � 52); mean
bias was �1.8%. The small negative bias seen was inde-

pendent of hemoglobin A1c values up to 10.3% (114).
Therefore, this homogeneous assay did not seem to be
compromised in diabetic patients.

Accuracy. Overall, the SUR method seems to underes-
timate LDL-C, with the bias being independent of LDL-C
concentration (106, 110, 111) and ranging from 3.9% to
5.1% at the different NCEP medical decision points.
Nevertheless, total analytical error was within the NCEP
goals of �12% at all LDL-C medical decision points (111)
because the excellent precision compensates for the bias
(106).

Classification. At LDL-C concentrations �1300 mg/L,
95% of individuals were classified correctly compared
with only 60% at LDL-C concentrations of 1300–1600 and
�1600 mg/L (106). The classification rate was better in
samples with TGs �2000 mg/L (84–87%) than with TGs
�2000 mg/L (71%). The PPV ranged from 85% to 100%
(106) or from 75% to 95% (111) and decreased in both
studies with increasing LDL-C concentrations. In contrast,
the NPV increased with increasing LDL-C concentrations,
from 77% to 98% (106) and from 84% to 99% (111). When
compared with the performance of the Friedewald vs the
BQ method in patient classification, the PPV for the SUR
assay was equal to or 2% better than the performance of
the Friedewald calculation (106, 111). At 1000 mg/L, the
NPV was 9% better in one study (106), whereas it was 9%
worse in the other (111), but the two methods were within
1–5% at the other LDL-C medical decision points. In a
pediatric population, the SUR homogeneous LDL-C assay
classified 93% (fasting) and 90% (nonfasting) of individ-
uals correctly at the diagnostic LDL-C decision point of
1100 mg/L; at 1300 mg/L, 98% (fasting) and 97% (non-
fasting) of individuals were classified correctly. With the
Friedewald formula, 96% and 97% of individuals were
classified correctly (110).

Effects of increased TGs. The SUR assay seems to be
affected by TGs �4000 mg/L. In samples with TGs �4000
mg/L, the slope of the regression line decreased from
0.986 to 0.925, whereas the negative intercept changed to
positive (from �46.5 to 89 mg/L). With increasing TG
concentrations, the negative bias of �93 mg/L changed to
a positive bias of 120 mg/L (106). Thus, the assay signif-
icantly overestimated LDL-C, compared with a modified
BQ procedure, when TGs increased. This TG dependence
was clearly shown by Horiuchi et al. (112), who observed
an overestimation of �10% in 21% of samples with TG
concentrations of 1000–1999 mg/L, in 36% with TG
concentrations of 2000–2999 mg/L, and in 100% with TG
concentrations of 3000–3999 mg/L. The discrepant spec-
imens on lipoprotein electrophoresis revealed a signifi-
cant TG-enriched lipoprotein fraction between pre-� and
� lipoproteins, consistent with the presence of remnants
of VLDL and chylomicrons (112). The TG content and
density of such lipoproteins vary; some may float in BQ
and not be included in the LDL fraction. However, their
cholesterol content could be measured by the homoge-
neous assay as LDL-C, causing the observed discrepancy
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(112). In 36 individuals, the mean LDL-C concentration
determined postprandially by the SUR was not signifi-
cantly different from the mean fasting value (1122 vs 1113
mg/L). However, two individuals would be misclassified
because of lower results in the postprandial state (111). In
children, although the LDL-C measured in nonfasting
samples showed a slight but not significant negative bias
compared with LDL-C measured in fasting samples (886
vs 870 mg/L) (110), the slope of the regression lines
decreased from 0.90 to 0.74 and the y-intercept increased
from 31 to 159 mg/L. In contrast, addition of sera with
isolated TG-rich lipoproteins up to 10 780 mg/L TGs did
not significantly change the LDL-C results (107, 111).
These studies support the conclusion that some choles-
terol of TG-enriched lipoproteins is measured as LDL-C
by the SUR assay. TG-enriched lipoproteins are very
heterogeneous, and it is not unexpected that some of the
chylomicrons, large VLDL, small VLDL, and remnants
might react differently with the detergents used in this
assay, giving discrepant results.

Other interferences. Hemoglobin up to 10 g/L in-
creased the LDL-C results only slightly (107, 111),
whereas bilirubin up to 258 mg/L tended to decrease the
results, on average, by �5% (111). Only small and insig-
nificant effects for conjugated and unconjugated bilirubin
up to 400 mg/L and bile acids up to 200 �mol/L were
observed (107). Ascorbic acid up to 150 mg/L did not
alter the results significantly. Storage at 4, �20, or �80 °C
up to 4 weeks did not significantly alter results (95 ).

Summary. The SUR LDL-C assay appears to be some-
what less specific, especially for TG-enriched lipoproteins.
Results were especially poor in a pediatric population, at
least in the postprandial state (110). However, in overall
concordance of patient classification, the SUR assay was
approximately equivalent to the Friedewald calculation
because of the relatively low systematic bias in samples
with low TG concentrations.

Protecting reagent LDL-C assay (PRO; Wako). The PRO
assay has been evaluated in one published comparison
with BQ, but not in multicenter studies.

Imprecision and dynamic range. Total CVs were 1.2%
at LDL-C concentrations between 1034 and 2196 mg/L,
and total error ranged from 2.6% to 5.6% (103). The PRO
method was linear up to 3000 mg/L and had a detection
limit of 10 mg/L.

Method comparison. The PRO was compared with a
modified BQ in a laboratory participating in the CDC LSP
(103). The equation of the regression line was: PRO �
0.915BQ � 104.8 mg/L (r � 0.969; n � 145). The mean
difference was �14.6 mg/L, with a mean bias of �0.4%.
The bias was most pronounced in type IIa HLP (�79.3
mg/L), but was only �4 mg/L in normolipidemic indi-
viduals (103). A positive correlation between bias and
VLDL-C/TG ratio was observed, which may indicate a
source of variability in the assay. Furthermore, LDL-C of
patients with type III HLP was overestimated by �30%,

indicating that the method is not appropriate for this
patient population.

Classification. The TG concentration appears to affect
the classification of individuals into NCEP medical deci-
sion points; in samples with TG concentrations �2000,
2000–3999, and 4000–10 000 mg/L, 99%, 91%, and 86%,
respectively, of individuals were correctly classified. The
PPVs and NPVs were 92–100% and 92.5–100%, respec-
tively (103).

Effects of increased TG concentration. In samples
with TG concentrations �3000 mg/L, results tended to
increase by �5% (103).

Other interferences. Bilirubin up to 234 mg/L and
hemoglobin up to 5.3 g/L did not significantly interfere
(�5%) with this method (103). Storage at �20 and �40 °C
for 8 weeks did not alter the results significantly (103).

Summary. The limited evaluation suggests that the
PRO assay seems to be relatively specific for LDL-C, with
reservations regarding linearity and TG interference. The
classification concordance vs the Friedewald calculation
showed a small advantage of the PRO LDL-C assay.
However, in samples with increased TG concentrations,
the concordance worsened.

Catalase LDL-C assay (CAT; Denka Seiken). The CAT assay
has been evaluated in studies including comparisons with
the BQ procedure, but not in multicenter evaluations.

Imprecision and dynamic range. The between-assay
CV was �1.76% over a wide range of LDL-C concentra-
tions (104). The dynamic range of the assay is 70 to at least
5500 mg/L according to the evaluation data of a distrib-
utor.

Specificity. LDL prepared by ultracentrifugation was
measured by the CAT assay and revealed a mean recov-
ery for LDL of 95% in 31 samples (108). Direct measure-
ments of isolated IDL revealed a recovery of 31%. Recov-
ery of VLDL was 10%, indicating that the assay does not
exclude VLDL totally (108). Studies using fast-perfor-
mance liquid chromatography supported the conclusion
that primarily LDL and, to a small extent, VLDL were
detected by this homogeneous assay, whereas HDL did
not react (104). In addition, Lp(a)-C was measured to the
extent of �50% (104). In a study using isolated LDL
subclasses, LDL-I, which corresponds to IDL, showed
reduced activity compared with whole serum, whereas
LDL-II and LDL-III were comparable to serum values
(104).

Method comparison. In 36 samples with TG concen-
trations �2000 mg/L, comparison with a BQ procedure
revealed the following regression line: CAT � 1.01BQ �
38.3 mg/L (r � 0.96). In samples with TGs �4000 mg/L,
the equation of the regression line was: CAT � 0.91BQ �
153.5 mg/L (r � 0.86; n � 25) (104).

Effects of increased TG concentration. In hypertri-
glyceridemic samples, the slope of the regression line
decreased, whereas the y-intercept increased, indicating
reduced specificity. LDL-C measured in samples collected
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in the postprandial state compared with samples collected
in the fasting state showed an average negative bias of
4.9% (104).

Other interferences. No interference was observed
with bilirubin (300 mg/L), hemoglobin (5000 mg/L),
ascorbic acid (500 mg/L), or fatty acids (5% soy bean oil)
(104). Freezing at �80 °C for 1 week did not change
results significantly.

Summary. The very limited evaluation suggests that
the CAT assay seems to be relatively specific for LDL-C
but that some VLDL-C is measured as LDL-C, indicating
interference with high TGs. Studies comparing concor-
dance in classification of patients have not been reported.

Calixarene LDL-C assay (CAL; International Reagents Corpo-
ration). There are apparently no evaluations of the CAL
assay published in English with the exception of one
abstract (115) from the manufacturer.

Imprecision and dynamic range. The assay demon-
strated a between-assay CV of �0.6% at 1525 mg/L and
was linear up to 4000 mg/L (115).

Method comparison. A comparison with BQ in 47
fresh sera revealed the following regression line: CAL �
1.02BQ � 28.0 mg/L (r � 0.989). In samples with TGs
�4000 mg/L (4120–16 420 mg/L), the regression was:
CAL � 0.99BQ � 20.9 mg/L (r � 0.988; n � 10) (115).

Other interferences. No interference was observed
with bilirubin, hemoglobin, and ascorbic acid.

Summary. The very limited evaluation suggests that
the CAL assay is promising, but clearly independent
studies are needed to better characterize its performance.

Overview of Analytical Performance of
Homogeneous Assays

imprecision
Evaluation studies of the homogeneous assays clearly
confirm the expected improvements in precision over the
earlier methods, especially the Friedewald calculation.
Evaluations typically observed between-run imprecision
of �3% and total imprecision within the NCEP analytical
goal of �4% (100, 103–105, 111) and far better than the
imprecision observed for the Friedewald calculation: �4%
in expert lipid laboratories and �12% in routine labora-
tories, the latter estimated from CAP surveys (46 ).

accuracy
All of the homogeneous assays have current certifications
from the CDC CRMLN (www.aacc.org/standards/cdc/
cholesterolinfo.stm). Nevertheless, the demonstrated ac-
curacy may not be applicable to every version of the
methods in distribution; lot-to-lot differences, unique
calibrations by distributors, different calibrations from
country to country, and reformulations of reagents (99 )
might affect accuracy in individual laboratories. Making
valid judgments about the accuracy of homogeneous
methods based on evaluations in the literature is also
challenging. Not all comparisons are made to a BQ

method, and even those that are often use variations of
BQ protocols that may give different results. In addition,
few or no evaluations, especially those published in
peer-reviewed publications, are available for some of the
reagents. Another complicating factor is the heteroge-
neous nature of LDL particles, which can behave differ-
ently in the various assay systems.

specificity and effect of interferences
Another important aspect of accuracy is the specificity of
the homogeneous assays for the LDL-C fraction, which
affects accuracy for individual specimens. The available
data demonstrate that the homogeneous assays interact
unequally with the different components of the broad-cut
LDL: LDL subclasses, IDL, Lp(a), and Lp-X
(100, 103, 104, 107, 108, 111, 112). Therefore, results for
different individuals may vary depending on the reagent,
an important consideration in deciding whether to adopt
one of the methods, especially for those laboratories
supporting lipid research and clinics where a high pro-
portion of unusual specimens from patients may be
encountered. The homogeneous LDL-C assays have not
yet been rigorously examined with unusual specimens.
The reported evaluations were often performed with
relatively normal specimens and may not be representa-
tive of those from patients with lipid disorders or other
conditions, such as liver or kidney disease, with atypical
lipoproteins.

Results of conventional interference studies have gen-
erally been encouraging. However, specific separation of
chylomicrons and VLDL from LDL, IDL, and Lp(a) is
much more difficult to accomplish than the separation of
apo B-100-containing lipoproteins from HDL. Therefore,
it is not surprising that increased TGs often contribute to
an increase in apparent LDL-C (104, 106, 112). On the
other hand, the SOL assay, which uses sulfated �-cyclo-
dextrin to shield VLDL-C from the LDL-C reaction, usu-
ally underestimated LDL-C (100, 103, 105).

A major potential advantage of the homogeneous
methods over calculation is the ability to measure
LDL-C in specimens collected in a nonfasting state,
which is convenient in managing patients. Results,
judged by mean differences, are promising. However,
patient classification was poorer in the postprandial state
(104, 105, 110). Note that all methods comparisons to date
have used fasting specimens. Lipoprotein composition is
well known to change after a meal; even with BQ changes
are often observed. However, changes in vivo are small,
and the convenience of nonfasting specimens may offset
minor effects on accuracy. Nevertheless, until more com-
prehensive studies validate the use of nonfasting speci-
mens, laboratories should be cautious about using other
than fasting samples. The usual concentrations of biliru-
bin and hemoglobin do not seem to interfere with these
assays.
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Considerations in Adopting a Homogeneous Method
The availability of the homogeneous methods for LDL-C,
which are capable of full automation and well suited for
workflow patterns in the modern clinical laboratory,
raises questions about their appropriate use. Should direct
measurement replace calculation of LDL-C? Could LDL-C
be measured directly in place of TC in monitoring ther-
apy? In which subsets of patients would direct LDL-C be
appropriate? Are the direct methods appropriate for re-
search studies? In spite of the technical disadvantages of
the Friedewald method—the need for fasting, the rela-
tively high imprecision from the cumulative variations of
the three underlying measurements, and the recognized
limitations in certain patients—calculation is firmly en-
trenched in routine practice and will likely be displaced
only if the homogeneous methods can demonstrate clear
advantages in performance, overall cost-effectiveness, or
other financial advantages.

Analytical performance is a key issue. All five homo-
geneous assays reported to date have current CRMLN
certifications, indicating that at least one instrument ap-
plication has demonstrated acceptable agreement with the
RM on relatively normal specimens. Three have been
shown to give results comparable to the Friedewald
calculation and appear to meet, at least in one study,
NCEP performance criteria. Other methods will require
additional validation before definitive conclusions about
performance can be made. Thus, some of the homoge-
neous assays could be considered to have demonstrated
performance approximately equivalent to calculation in
managing the majority of patients. There are, however,
important economic considerations to be addressed.

Calculated LDL-C can be obtained without additional
cost, provided the underlying values—TC, HDL-C, and
TG—are measured, and with adoption of homogeneous
methods for HDL-C, all three values are available simul-
taneously and by fully automated methods. Considering
the cost to determine LDL-C alone, reagent costs seem to
be approximately equivalent: the homogeneous LDL-C
reagents typically cost �$3.00, which is similar to the total
for measurement of TC, TGs, and HDL-C ($0.75 each for
TC and TG, and $1.50 for HDL-C). Measuring direct
LDL-C in addition to the current panel would double
reagent costs ($6.00), and omitting TC saves relatively
little ($5.25). The incremental labor costs to include the
homogeneous LDL-C assay with the current panel of
three assays (TC, TGs, and HDL-C) are insignificant when
a modern automated analyzer is used. However, through-
put will be decreased with four or even three assays per
sample compared with one direct assay, a contribution to
overall cost that is more difficult to quantify. Until reagent
costs for the direct assays decrease, which might occur
with increasing use, a cost advantage of the direct assay
for LDL-C over the calculation is not obvious.

In considering whether the panel (TC, TGs, and
HDL-C) could be replaced by a single direct LDL-C assay,
one must recognize that lipid and lipoprotein analyses are

performed primarily in patients for two reasons: (a) to
screen for hyperlipidemia and (b) to monitor treatment of
patients with hyperlipidemia. In the first case, determina-
tion of LDL-C alone would not detect the risk associated
with decreased HDL-C and increased TG concentrations.
Although the latter could be detected by observation of
turbidity in the specimen, most likely the HDL-C and, in
most cases, the TGs would need to be measured in the
initial workup. In monitoring therapy, there will be pa-
tients, e.g., those with hypercholesterolemia, who could
be monitored with only a LDL-C determination. Never-
theless, considering that the common lipid-lowering
agents not only reduce LDL-C but also affect TGs and
HDL-C, the physician will, in many cases, want all of the
values. In summary, a direct measurement only could be
adequate for managing therapy in some, but certainly not
all, patients, and considering the lack of cost advantage,
one must consider whether the occasional direct measure-
ment might complicate practice guidelines and physician
decisions about test ordering. The Adult Treatment Panel
III recommendation to include TC, HDL-C, and TGs as
well as LDL-C in screening all adults (1 ) does not favor
replacing calculation with a direct LDL-C measurement.

A thorough assessment of cost-effectiveness would
also require consideration not only of the actual measure-
ment costs, but also of the less tangible costs of measure-
ment errors leading to inappropriate treatment decisions.
In addition to the direct laboratory costs, there are other
indirect costs associated with patient care that are much
more challenging to quantify. For example, some of the
new homogeneous assays seem to be less affected by TGs
than the calculation. Furthermore, measurement in the
postprandial state might be possible, despite the known
changes that occur in lipoprotein composition after feed-
ing, which would facilitate screening and managing of
patients, reduce the need for repeated blood collections,
and save time for clinicians, phlebotomists, and patients.
An objective assessment of such costs might support the
direct measurement, but it would certainly require exten-
sive additional studies, including consideration of out-
comes.

An overriding financial consideration in test-ordering
practices is reimbursement programs in various countries.
A proposed change in reimbursement policy in the US,
scheduled for implementation during the year 2002,
which would reimburse fewer lipid panels but more
related individual tests, may favor adoption of the homo-
geneous assays for LDL-C irrespective of test performance
and other economic considerations.

Trends in Use of Major Conventional and
Homogeneous Methods

The homogeneous assays have been available for a rela-
tively short time, and only limited data are available on
their use. In the year 2000, proficiency-testing programs in
the US began including the homogeneous assays for
LDL-C. In addition to the CAP survey, which is the
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largest, other smaller programs, such as those of the New
York State Department of Health, American Proficiency
Institute, and American Association of Bioanalysts, also
included data on the homogeneous LDL-C assays. Ac-
cording to the CAP survey, �6% of participating labora-
tories, primarily in the US, use the homogeneous meth-
ods, and �2% use the LipiDirect Magnetic Precipitation
procedure. The remaining laboratories (92.7%) use the
Friedewald calculation. Cumulative data extracted from
the above-mentioned proficiency surveys revealed that of
the four available homogeneous methods, the SUR assay
from Daiichi was the most widely used (42%), followed
by the CAT assay from Denka Seiken (30%), the PRO
assay from Wako (18%), and the SOL assay from Kyowa
Medex (10%).

Need for Additional Studies
The homogeneous assays are relatively new, and many
important performance issues have not been fully evalu-
ated. Laboratories, especially those performing research
investigations, long-term clinical trials, and supporting
lipid treatment clinics will be cautious about adopting the
homogeneous methods until more extensive validations
have been completed. The homogeneous methods should
be evaluated under representative analytical conditions
by comparison with accurate standardized BQ methods,
using not only normal specimens but also a broad cross-
section of unusual specimens, those at the extremes of the
major lipoprotein class distributions and from individuals
with conditions likely to alter lipoprotein characteristics
(children, elderly, diabetic patients, and patients with
liver or kidney disease). Essential in determining the
appropriate use in patient characterization and manage-
ment are studies comparing directly, in representative
populations, the analytical performance and concordance
in classification of patients by the homogeneous and
calculation methods in relation to accurate BQ. The ho-
mogeneous methods should also be compared with BQ in
a broad cross-section of patients before and after treat-
ment to demonstrate that changes appropriately monitor
treatment effects. LDL-C measurements in studies of
unusual specimens must be performed in sufficient rep-
licates to distinguish random errors from systematic or
matrix-related separation differences. Highly discrepant
specimens should be fully characterized to identify li-
poprotein and matrix factors responsible for the differ-
ences, which might guide assay improvements. Reliability
of patient classification and monitoring of therapy using
nonfasting specimens should be carefully evaluated. The
effects of freezing and prolonged storage of specimens
should be determined for each of the homogeneous
reagents.

Conclusions
The new homogeneous assays for LDL-C, based on highly
innovative assay principles, represent remarkable techno-
logic breakthroughs with great potential for improving

lipoprotein analysis, although concerns regarding their
performance still exist. The current routine method for
LDL-C, the Friedewald calculation, only approximates
LDL-C and is subject to well-established limitations. The
need for direct, accurate, precise, and convenient replace-
ment methods has been recognized for many years.
Studies to date suggest that the homogeneous assays are
reasonably specific and free from major endogenous
interferences, although additional validation will be
needed before the methods can be confidently recom-
mended for general use. The homogeneous methods do
appear to be significantly less susceptible to interference
from increased TGs than the Friedewald calculation.
Furthermore, if these assays could be shown to perform
reliably in samples collected postprandially, the measure-
ment of LDL-C will certainly become more convenient for
the patient. Evidence available to date justifies recom-
mending the methods for use in patient management for
specimens with TGs �4000 mg/L, when calculation is
precluded. The methods may be appropriate for certain
research studies, although specific validation under the
conditions of the study is recommended. Although ana-
lytically more challenging and complex than the reason-
ably well-accepted homogeneous HDL-C assays, the di-
rect LDL-C methods have the potential to significantly
improve lipoprotein analyses and simplify the manage-
ment of patients with HLP. The methods certainly deserve
further study to establish the most appropriate applica-
tions in quantifying LDL-C.
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