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ARTICLE INFO ABSTRACT

Background: Accurate high-density lipoprotein cholesterol (HDL-C) measurements are important for manage-
ment of cardiovascular diseases. The US Centers for Disease Control and Prevention (CDC) and Cholesterol
Reference Method Laboratory Network (CRMLN) perform ultracentrifugation (UC) reference measurement
procedure (RMP) to value assign HDL-C. Japanese CRMLN laboratory (Osaka) concurrently runs UC procedure
and the designated comparison method (DCM). Osaka performance of UC and DCM was examined and compared
with CDC RMP.
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geg;_ﬂgggfé sterol Methods: CDC RMP involved UC, heparin-MnCl, precipitation, and cholesterol analysis. CRMLN DCM for samples
Ultracentrifugation containing <200 mg/dl triglycerides involved 50-kDa dextran sulfate-MgCl, precipitation and cholesterol deter-
Designated comparison method mination.
cbC Results: HDL-C regression equations obtained with CDC (x) and Osaka (y) were y = 0.992x + 0.542 (R? = 0.996)
CRMLN for Osaka UC and y = 1.004x — 0.181 (R? = 0.998) for DCM. Pass rates within + 1 mg/dl of the CDC target value
were 91.9 and 92.1% for Osaka UC and DCM, respectively. Biases at 40 mg/dl HDL-C were +0.22 and —0.02 mg/dl
for Osaka UC and DCM, respectively.
Conclusions: Osaka UC and DCM were highly accurate, precise, and stable for many years, assisting manufacturers
to calibrate products for clinical laboratories to accurately measure HDL-C for patients, calculate non-HDL-C, and
estimate low-density lipoprotein cholesterol with the Friedewald equation.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction [1-3]. The US National Cholesterol Education Program (NCEP) estimated

A low high-density lipoprotein cholesterol (HDL-C) level is a strong
biomarker for predicting the risk of cardiovascular diseases (CVD), as
demonstrated by several epidemiological studies and clinical trials
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that each 1% increase in HDL-C may be associated with a 2-4% decrease
in the risk of coronary heart disease (CHD), and clinical trials on low-
density lipoprotein-lowering therapies have shown that concornitant in-
creases in HDL-C confer an additional independent reduction in the risk
of CHD [4]. HDL-C together with low-density lipoprotein cholesterol
(LDL-C), total cholesterol, and triglycerides form a lipid panel that is
measured in routine patient care to determine and monitor the risk of
a patient developing CVD.

Accurate and reproducible HDL-C measurements are of particular
importance for correctly and consistently classifying individuals at
risk of CVD, as outlined in the clinical guidelines for the subsequent
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diagnosis, treatment, and prevention of patients [5-7]. Furthermore, the
US NCEP reported [4] that the accuracy of HDL-C was particularly
important because (a) the inverse association of HDL-C with the risk
of CHD is expressed over a relatively narrow concentration range,
(b) the medical decision cut-off point (40 mg/dl) for an increased risk
of CHD is at the lower end of the HDL-C concentration range, at which
small errors can have a strong impact on patient classification, and
(c) the calculation of non-HDL-C [8,9] or LDL-C using the Friedewald
equation [10]. Inaccurate HDL-C measurements also lead to errors in
the estimation of LDL-C.

Previous studies recommended that the US Centers for Disease
Control and Prevention (CDC) reference measurement procedure
(RMP) should be used to achieve accurate HDL-C measurements. CDC
RMP is a three-step procedure [11,12]: (1) ultracentrifugation (UC) at
d = 1.006 kg/1 to remove triglyceride-rich lipoproteins; (2) precipita-
tion of apo B-containing lipoproteins from the ultracentrifugal
infranatant with heparin-MnCl,; (3) measurement of cholesterol in
the heparin-MnCl, supernatant using the CDC reference method for
cholesterol [13]. However, ultracentrifugal measurements of HDL-C
have low sample throughput and require equipment that is not
commonly available in routine clinical laboratories. Therefore, the
Cholesterol Reference Method Laboratory Network (CRMLN) sought
to implement a designated comparison method (DCM) [14-16] with
the objective of better assisting reagent manufacturers in the calibration
of their products so that clinical laboratories could more accurately
measure HDL-C for patients, calculate non-HDL-C, and estimate LDL-C
with the Friedewald equation.

The CDC UC method has been accepted as the most reliable RMP for
HDL-C and the CRMLN DCM is an accurate, robust, transferable and
practical method for clinical laboratories and manufacturers. As part of
the CRMLN activities, the National Cerebral and Cardiovascular Center
at Osaka, Japan has implemented and maintained 1) the UC method,
which is same as CDC RMP, for 17 years since May 1997 and 2) DCM
for 20 years since April 1994. We measured the performance of both
HDL-C reference methods in terms of accuracy and reproducibility
after many years using comparisons with CDC RMP.

2. Materials and methods
2.1. Materials

All standardization pools for HDL-C were prepared according to the
Clinical Laboratory Standards Institute document C37-A (Preparation
and Validation of Commutable Frozen Human Serum Pools as Second-
ary Reference Materials for Cholesterol Measurement Procedures;
Approved Guideline), which implied that no preservatives or no addi-
tives were added. All survey pools were blinded to the CRMLN laborato-
ries. They were shipped frozen from CDC and stored at — 70 °C before
analysis.

HDL-C assays were conducted in the Osaka Medical Center for
Cancer and Cardiovascular Diseases between July 1997 and June 2001,
in the Osaka Medical Center for Health Science and Promotion between
July 2001 and March 2012, and in the National Cerebral and Cardiovas-
cular Center at Osaka continuously from April 2012 (all laboratories
were referred to as the ‘Osaka’ laboratory).

2.2. Methods

2.2.1. CDC reference measurement procedure for ultracentrifugation

The first step of CDC RMP employed preparative ultracentrifugation
(Beckman Coulter, Optima L-70 K and/or Optima XE-90) to remove
apo B-containing lipoproteins [11,12]. The methods at CDC and Osaka
used 5.00 ml of serum at a density of d = 1.006 kg/1 (0.195 mol/l
NaCL solution) and a 50.4Ti rotor (Beckman Coulter). UC at CDC was
carried out for 16.2 h at 120,000 xg and 18 °C, and at Osaka for 18.5h
at 105,000 xg and 18 °C. After UC, the top fraction (d < 1.006 kg/1)

was removed using tube slicer and the bottom fraction (d > 1.006 kg/)
was quantitatively transferred to a 5.00 mi volumetric flask adjusting
with 0.15 mol/l NaCl solution [14-16]. In the second step, 1.00 ml aliquots
of the bottom fraction were precipitated with 40 pL heparin (sodium
injection, 5000 USP units/ml, Baxter Healthcare Corporation) and 50 pL
manganese reagents (MnCl, solution, 1.00 M =+ 0.01 M, SIGMA) [17].
The precipitate was removed for 30 min at 1500 xg and 4 °C [18-20].
In the third step, HDL-C was determined in the supernatant in duplicate
measurements by the Abell-Kendall reference method for cholesterol
[13]. The recovered cholesterol value was multiplied by 1.09 to account
for the dilution introduced by the addition of the precipitation reagent.
Four replicates from each sample were used in comparisons of assay
performance.

222. CRMLN designated comparison method

DCM is a precipitation-based designated comparison method using
50-kDa dextran sulfate (DS)-MgCl, as the reagent. DS (stored at 2 to
8 °C. Kept tightly capped in a desiccator in a refrigerator after opening)
was obtained from Warnick & Co. and was a special lot (lot#: 162176)
for CRMLN use only. All CRMLN laboratories used the same DS lot
to minimize potential lot-to-lot variations. MgCl,*6H,0 (this reagent
was highly hygroscopic and had to be dried. A larger amount than was
needed was placed in a beaker and dried in an oven at 37 °C for at
least one hour) and sodium azide (NaN3) were obtained from Wako
Pure Chemistries Inc. in Japan. The stock solution of DS contained
2.0 g/dl DS including 50 mg/dl NaNs, while that of MgCl, contained
14.22 g/dl including 50 mg/dl NaNs. The working reagent was prepared
by mixing equal volumes. The working solution was stored at 2 and 8 °C
[15,16]. Osaka laboratory previously confirmed that it was stable for
3 years.

In the first step, the samples and working reagent were equilibrated
to room temperature and mixed at a ratio of 1.00 ml specimen
and 0.10 ml working reagent. The samples for DCM required
normotriglyceridemic sera including <200 mg/d! in triglycerides be-
cause of its limited sedimentation efficiency {16,17]. The samples were
then incubated at room temperature for 10~30 min and centrifuged
for 30 min at 4 °C at 1500 xg. In the second step, clear supernatants
were analyzed using the reference method for cholesterol [13]. The
recovered HDL-cholesterol value in the DCM was multiplied by 1.1.
HDL-C was assayed in the supernatant in duplicate measurements.
Four replicates from one aliquot were used in comparisons of assay
performance.

2.3. Performance criteria for HDL-C applied to CRMLN laboratories

The performance criteria for HDL-C applied to the CRMLN lipid refer-
ence laboratories are summarized in Table 1. Imprecision is evaluated
not in coefficient variation (CV), but in standard deviation (SD, unit:
mg/dl), and accuracy is evaluated in bias (mg/dl) from CDC reference
value.

2.4. Statistical analysis

We used protocol EPS-A from the Clinical and Laboratory Standards
Institute for bias estimation [21] and the STATA12 analysis program for
all other calculations.

Table 1
Performance criteria applied to CRMLN lipid reference laboratory using UC method and
DCM for HDL-C.

Lipid Imprecision criterion
HDL-C

Accuracy criterion
Bias <1 mgy/dl

CRMLN: cholesterol reference method laboratory network. UC: ultracentrifugation. DCM:
designated comparison method. HDL-C: high-density lipoprotein cholesterol.

Standard deviation <1 mg/dl
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3. Results
3.1. Accuracy

In the UC procedure at Osaka, the pooled serum with 160 different
concentrations (lots) for HDL-C were analyzed among 626 survey sam-
ples with 154 survey runs, in which each survey run consisted of 3 to 5
different pools. They were analyzed for 17 years between May 1997 and
January 2014. The concentration ranges were 26.9-78.9 mg/dl. In the
scatter plots of bias (unit: mg/dl) between Osaka (y) and CDC (x),y =
—0.008x + 0.540 (R? = 0.017). The p-values and 95% confidence inter-
val (A1) of the slopes and intercepts were 0.001 and (—0.013, —0.003),
and <0.001 and (0.296, 0.784), respectively (Table 2). The Osaka labora-
tory met acceptable accuracy goals for 91.9% (575 of 626 samples) with-
in 41 mg/dl of the CDC reference values (Fig. 1A). Biases between the
target values of CDC and the measurements of Osaka at two medical de-
cision points of 40 and 60 mg/d! were 0.22 and 0.06 mg/dl, respectively,
both of which were slightly on the positive side. Although the bias and
SD scattering of DCM appeared to be slightly better than that of CDC
RMP, no significant differences (p-value: 0.05) were observed in the ac-
curacy or precision of the 2 procedures.

In the DCM at Osaka, the pooled serum with 163 different concentra-
tions (lots) for HDL-C were analyzed among 570 survey samples with
147 survey runs, in which each survey run consisted of 3 to 4 different
pools. They were analyzed for 20 years between April 1994 and
January 2014. The concentration ranges were 20.8-86.0 mg/dl. In the
scatter plots of bias (unit: mg/dl) between Osaka (y) and CDC (x),
y = 0.004x — 0.181 (R? = 0.006). The p-values and 95% CI of the
slopes and intercepts were 0.065 and (—0.0002, 0.007), and 0.062
and (—0.370, 0.009), respectively (Table 2). The Osaka laboratory
met acceptable accuracy goals for 92.1% (525 of 570 samples)
within + 1 mg/dl of the CDC reference values (Fig. 1B). Biases between
the target values of CDC and measurements of Osaka at two medical
decision points of 40 and 60 mg/dl were —0.02 and 4-0.06 mg/dl,
respectively, both of which were slightly biased.

3.2. Precision

In the scatter plots of SD between Osaka (y) and CDC (x), y (SD,
mg/dl) = 0.002x (CDC reference value) + 0.270 [n: 626, R? = 0.006].
The p-value and 95% (I for the slope were 0.056 and (—0.00005,
0.0036), respectively. The p-value and 95% ClI for the intercept
were <0.001 and (0.179, 0.360), respectively (Table 2). The Osaka labora-
tory met acceptable precision goals for 97.9% (613 of 626 samples)

within + 1 mg/dl. The maxirum SD at Osaka UC was 2.3 mg/dl (Fig. 2C).

In the scatter plots of SD between Osaka (y) and CDC (x), y (SD,
mg/dl) = 0.001x (CDC reference value) + 0.218 [n: 570, R? = 0.005].

A HDL-C bias plots of Osaka UC vs. CDC RMP
4.0

3.0

2.0

1.0

Bias(Osaka UC-CDC RMP)(mg/dL)

20.0 40.0 60.0 80.0 100.0
HDL-C reference value by CDC RMP (mg/dL)

HDL-C bias plots of Osaka DCM vs. CDC RMP
40

3.0

Bias (Osaka DCM-CDC RMP) (mg/dL)

20.0 40.0 60.0 80.0 100.0

HDL-C reference value by CDC RMP (mg/dL)

Fig. 1. A: HDL-C bias plots of Osaka UC vs. CDC RMP. The y-axis indicates the bias (mg/dl)
of Osaka UC compared to the CDC reference value and the x-axis indicates the CDC RMP
HDL-C reference value. CDC: The US Centers for Disease Control and Prevention. HDL-C:
High-~density lipoprotein cholesterol. UC: Ultracentrifugation. B: HDL-C bias plots of
Osaka DCM vs. CDC RMP. The y-axis indicates the bias (mg/dl} of the Osaka DCM com-
pared to the CDC reference value and the x-axis indicates the CDC RMP HDL-C reference
value, CDC: The US Centers for Disease Control and Prevention. HDL-C: High-density lipo-
protein cholesterol. DCM: Designated comparison method.

Table 2
Regression analysis of the bias between Osaka (y) and CDC (x) and imprecision for HDL-C over time (unit: mgy/dI).
Parameter HDL-C method Number of samples Slope (95%CI) Intercept (95%Cl) R? Time period
Accuracy uc 626 —0.008 0.540 0.017 May 1997 to January 2014
(—0.013, —0.003) (0.296, 0.784) (17 years)
p = 0.001 p < 0.001
DCM 570 0.004 —0.181 0.006 April 1994 to January 2014
(—0.0002, 0.07) (—0.370, 0.009) (20 years)
p=NS p=Ns
Precision uc 626 0.002 0.270 0.006 May 1997 to January 2014
(—0.00005, 0.0036) (0.179, 0.360) (17 years)
p=NS p <0.001
DCM 570 0.001 0218 0.005 April 1994 to January 2014
(—0.0001, 0.002) (0.162,0.275) (20 years)
p=Ns p < 0.001

UC: ultracentrifugation. DCM: designated comparison method.
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Fig. 2. C: Standard deviation plots of HDL-C by Osaka UC. The y-axis indicates the SD (mg/d})
of the Osaka UC method compared to the CDC reference value and the x-axis indicates the
CDC RMP HDL-C reference value. CDC: The US Centers for Disease Control and Prevention.
HDL-C: High-density lipoprotein cholesterol. D: Standard deviation plots of HDL-C by
Osaka DCM. The y-axis indicates the SD (mg/dl) of the Osaka DCM compared to the CDC
reference value and the x-axis indicates the CDC RMP HDL-C reference value. CDC: The US
Centers for Disease Control and Prevention. HDL-C: High-density lipoprotein cholesterol.
DCM: Designated comparison method.

The p-value and 95% CI for the slope were 0.083 and (—0.0001, 0.002),
respectively. The p-value and 95% CI for the intercept were <0.001 and
(0.162, 0.275), respectively (Table 2). The Osaka laboratory met accept-
able precision goals for 100.0% (all 570 samples) within 41 mg/dl. The
maximum SD at Osaka DCM was 1.0 mg/dl (Fig. 2D).

3.3. Long-term bias (mg/dl) plots by the UC method and DCM at Osaka

Fig. 3E shows the bias (mg/dl) plots of Osaka UC HDL-C vs. CDC
RMP at each run for 17 years. The minimum value of the bias was
—3.7 mg/dl while the maximum value was 3.0 mg/dl. The x-axis
indicated the survey run number between May 1997 and January
2014 with 154 runs and the y-axis indicated the bias (mg/dl) of Osaka
UC HDL-C vs. CDC RMP. The acceptable criteria for the accuracy of
HDL-C were within & 1.0 mg/dl of the target value of CDC. Each survey
run consisted of 3 to 5 CDC pools for the HDL-C analysis.

Fig. 3F shows the bias (mg/dl) plots of Osaka DCM HDL-C vs. CDC
RMP at each run for 20 years. The minimum value of the bias was
— 2.8 mg/dl while the maximum value was 2.6 mg/dl. The x-axis indi-
cated the survey run number between April 1994 and January 2014
with 147 runs and the y-axis indicated the bias (mg/dl) of Osaka DCM
HDL-C vs. CDC RMP. The acceptable criteria for the accuracy of HDL-C
were within 4 1.0 mg/dl of the target value of CDC. Each survey run
consisted of 3 to 4 CDC pools for the HDL-C analysis.

4, Discussion

Previous epidemiological studies and clinical trials were based on
the results of large scale population studies using the UC method for
HDL-C, which were, in turn, based on the heparin-MnCl, precipitation
method. However, an inherent problem with this precipitation method
is the inability to sediment all the centrifuged lipoproteins [18,19],
which mainly affects triglyceride-rich lipoproteins included in turbid
or milky diseased specimens. Therefore, the UC procedure merits the
elimination of interference [20,22].

High-density lipoprotein (HDL) represents a mixture of heteroge-
neous macromolecules and physicochemical particles. No primary certi-
fied standards or measurement procedures are currently available for
HDL-C in order to establish the metrological traceability of HDL-C mea-
surements to SI. However, UC-based CDC RMP has been the reference
method of HDL-C measurements for practical use. DCM was established
to better meet needs related to faster sample turnaround and higher
throughput [16]. Both methods are now used to assure the accuracy of
testing performed in patient care and research. However, it is important
to understand the limitations of the DCM, especially with samples
containing high levels of triglycerides. Therefore, it will be necessary
and important to maintain the UC-based reference method and its stan-
dardization when encountering diseased and complicated samples.

Iso et al. in the Circulatory Risk in Communities Study (CIRCS) have
conducted epidemiological studies on the prevention of and reductions
in cerebral strokes and heart diseases among Japanese individuals for
over 50 years [2,9]. During this time, we have experienced various
changes for HDL-C in assay principles from the old precipitation
methods to new homogeneous methods, in instruments from manual
operation to automatic analyzers, in reagents from strong acids to
mild enzymes, and in calibrators from cholesterol standards in alcohol
to serum-based materials. All these changes have influenced the preci-
sion and accuracy of HDL-C measurements. Therefore, it is of utmost
importance to ensure reference methods providing an accuracy basis
for clinical measurements remain consistent and stable over time. This
is achieved by maintaining a network of reference laboratories. In the
present study, we assessed the measurement performance and limits
of the UC and DCM methods for HDL-C at Osaka.

The homogeneous HDL-C reagents now widely adopted have several
advantages: they are fully automated on various analytical instruments,
have good precision, triglycerides do not need to be measured, and
non-fasting samples may potentially be used. However, Miller et al.
[23] and Miida et al. [24] reported some limitations when comparing
these assays against the UC-RMP. Deventer et al. found that non-HDL
cholesterol showed improved accuracy for cardiovascular risk score
classification over that of direct or calculated LDL cholesterol in a dyslip-
idemic population [25]. Non-HDL-C is calculated as [total cholesterol —
HDL-C]. Therefore, accurate HDL-C will be a key factor in obtaining accu-
rate non-HDL-C values. Since non-HDL-C was previously reported to be
superior to LDL-C in predicting the risk of CVD risk [8,9], it will be
recommended as a primary screening test in the future by Japanese
authorities.

Recent discovery that serum/plasma HDL-C markedly and selectively
increased by up to 15% over the past 20 years among Japanese individ-
uals [26] raised concerns regarding consistencies in HDL-C measure-
ments in Japan. According to the Japanese National Health and
Nutritional Survey, the average HDL-C levels of males and females
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CDC: The US Centers for Disease Control and Prevention. HDL-C: High-density lipoprotein cholesterol.

reached 55 and 65 mg/dl in 2012, which were markedly higher than
those in Western countries [27]. We tentatively concluded that this
could not be attributed to a drift in the standardization of HDL-C mea-
surements in Japan because the increase was continuous over several
time points when new assay reagents and systems were introduced. Fur-
thermore, similar findings were reported for plasma apoA-I concentra-
tions that were independently measured [26]. However, the underlying
reasons for this phenomenon and its outcome on public health in Japan
remain unknown. This is a unique and perhaps important finding
for world public health; therefore, it should be extensively investigated
in association with recent trends and changes in various aspects of
Japanese lifestyles and medical/public health environments. It is also
extremely important to monitor Japanese HDL-C levels carefully for
years hereafter. Therefore, methods to measure HDL-C parameters
must be established based on reliable standardization and stabilization
for international consistency through CRMLN activities [16].

Since 1996, 7 Japanese reagent manufacturers have developed new
homogeneous methods for HDL-C to replace the old precipitation-
based methods [20]. These methods present new calibration challenges

Table 3
Performance criteria applied to clinical laboratory and manufacturer for HDL-C.
Parameter Criterion
R? >0.975
Bias at 40 mg/dl <5%
Bias at 60 mg/dl <5%
Average % bias <5%
Average absolute % bias <5%
Among-run CV <4%
t-test of bias Not significant at a0 == 5%
Within-method outliers 1 allowed

Between-method outliers None allowed, but may eliminate one sample
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because they use different principles that include detergents or surfac-
tants to quantify HDL-C level. Homogeneous methods that do not
require a sample pretreatment step are being introduced all over
Japan and are used in many clinical laboratories. Based on the HDL
Cholesterol Certification Protocol for Manufacturers (November 2002)
by CRMLN, we conducted protocols 10 times every 2 years since 1996
using standardized DCM as a reference to Japanese manufacturers,
and all manufacturers successfully met the performance criteria
(Table 3). However, further accuracy improvements in homogeneous
HDL-C methods will be required in several diseased samples derived
from patients with dyslipidemia [28], which may require an increased
use of the UC-RMP instead of the DCM. Unsolved issues associated
with homogeneous methods remain and have yet to be examined in
detail.

In conclusion, the UC method and the DCM for HDL-C at Osaka were
found to be highly accurate, precise, and stable for many years, and as-
sist reagent manufacturers in calibrating their products so that clinical
and epidemiological laboratories can accurately measure HDL-C for
patients and in research, calculate non-HDL-C, and estimate LDL-C
with the Friedewald equation. DCM is a simpler equivalent reference
method that has been consistent with CDC RMP for 20 years. However,
the traceability of HDL-C should be accomplished by performing a
method comparison with a fresh split sample because matrix interac-
tions can severely affect HDL-C measurements.
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