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Abstract

Background—Accurate measurement of blood lipids is crucial in cardiovascular disease risk
management. The Centers for Disease Control and Prevention (CDC) Cholesterol Reference
Method Laboratory Network (CRMLN) has assured the accuracy of these measurements forover
20 years using beta quantification (BQ) method as reference measurement procedure (RMP) for
high- and low-density lipoprotein cholesterol (HDL-C, LDL-C). Only limited data exist about the
performance of the BQ RMP.

Methods—Bottom fraction cholesterol (BFC), HDL-C, and LDL-C results after
ultracentrifugation from the CDC lipid reference laboratory and the Japanese CRMLN laboratory
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were compared using 280 serum samples measured over the past 15 years. Data were compared
statistically using method comparison and bias estimation analysis.

Results—Regression analysis between CDC (x) and Osaka (y) for BFC, HDL-C, and LDL-C

were y = 0.988x + 1.794 (R2 = 0.997), y = 0.980x + 1.118 (R2 = 0.994), and y = 0.987x + 1.200
(R2 = 0.997), respectively. The Osaka laboratory met performance goals for 90% to 95% of the

CDC reference values.

Conclusions—The BQ method by the Osaka CRMLN laboratory is highly accurate and has
been stable for over 15 years. Accurate measurement of BFC is critical for the determination of

LDL-C.
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1. Introduction

Increased concentrations of low-density lipoprotein cholesterol (LDL-C) are associated with
an increased risk for the development of cardiovascular diseases (CVDs), especially
coronary heart disease (CHD) [1,2]. Other major risk factors include hypertension, diabetes
mellitus, smoking, and chronic kidney diseases [3,4]. Interventions to decrease LDL-C
levels can improve the risk of CVD and result in reductions in atherosclerotic lesions [5-8].
Because of the strong and positive association between LDL-C and CVD, 2013 ACC/AHA
Guideline on the Treatment of Blood Cholesterol to Reduce Atherosclerotic Cardiovascular
Risk in Adults [9], the Third Report of the U.S. National Cholesterol Education Program
(NCEP) [10,11], the European Atherosclerosis Society [12], and Japan Atherosclerosis
Society Guidelines for the Prevention of Atherosclerotic Cardiovascular Diseases 2012 [13]
focused primarily on LDL-C for the categorization and treatment of dyslipidemia. Thus,
measuring LDL-C has been the cornerstone of cardiovascular risk assessment and
prevention for the past decades.

The precise and accurate measurement of LDL-C is of particular importance for correctly
and consistently classifying individuals at risk for CVD as outlined in clinical guidelines for
subsequent treatment of patients. The precision and accuracy of LDL-C measurements
needed to assure that appropriate patient care was established by the NCEP [14]. The beta
quantification (BQ) procedure, which relies on ultracentrifugation (UC) to separate apo B
lipoprotein (apo B) particles according to the hydrated density at d = 1.006, has been the
established reference measurement procedure (RMP) for HDL-C and LDL-C [15,16]. BQ
RMP performed at the U.S. Centers for Disease Control and Prevention (CDC) and
Cholesterol Reference Method Laboratory Network (CRMLN) is considered the highest
order RMP for this analyte. For over 15 years, the National Cerebral and Cardiovascular
Center at Osaka, Japan has standardized their LDL-C BQ RMP through participation in the
CRMLN. Members of the CRMLN are required to meet stringent performance criteria for
precision and accuracy to allow both calibration and calibration verification of routine
assays. Few reports are available on the performance of BQ RMP.
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Using data obtained between May 1997 and October 2012, the precision and accuracy for
HDL-C and LDL-C as measured at the Osaka laboratory were determined. We determined
the fixed and/or proportional bias and correlations between the CDC and Osaka laboratories,
and assessed factors that may affect results obtained with the BQ method by verifying
relationships among bottom fraction cholesterol (BFC) —one major component of the BQ
procedure, HDL-C, and LDL-C.

2. Material and methods

2.1. Materials

All materials were prepared according to Clinical Laboratory Standards Institute (CLSI)
document C37-A. This implies that no preservatives or no additives were added. In this
study, 67 different pool concentrations (lots) were used among the 280 survey samples
provided by the CDC as part of the CRMLN monitoring surveys. One lot (bg47) was used 8
times over 2.5 years, which represented the longest period any lot was used. All CDC survey
pools were blinded to the CRMLN participants. The pools were shipped frozen and stored at
=70 °C before BQ analysis, and they were analyzed between May 1997 and October 2012 in
70 survey runs, with each survey run consisting of 3 to 5 different pools.

Measurements 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
Cardiovascular Center at Osaka continuously since April 2012 (all laboratories are referred
to as ‘Osaka laboratory’).

2.2. Ultracentrifugation

BQ employs preparative ultracentrifuge (Beckman Coulter, Optima L-70K) to remove the
chylomicrons and very-low-density lipoproteins (VLDL) of apo B-containing lipoproteins
[17]. The methods at CDC and Osaka used 5 ml of serum per sample at a density of d =
1.006 kg/L (0.195 mol/L NaCL solution) and a 50.4 Ti rotor (Beckman Coulter) for UC. UC
was carried out at CDC for 16.2 hours at 120,000 xg, and 18 °C, and at Osaka for 18.5
hours, 105,000 xg, and 18 °C. After UC, chylomicrons and VLDL in the top fraction (d <
1.006 kg/L) were removed and the remaining bottom fraction (d > 1.006 kg/L) including
high-density lipoprotein (HDL), low-density lipoprotein (LDL), intermediate-density
lipoprotein (IDL), and lipoprotein(a) (Lp(a)) was quantitatively transferred to a 5.00 mL
volumetric flask and adjusted for volume with 0.15 mol/L NaCL solution [14,15]. The total
cholesterol in this bottom fraction (BFC) was determined from one aliquot.

2.3. HDL-C precipitation

One mL aliquots of the apo B-containing lipoproteins in the bottom fraction were
precipitated with 40 pL heparin (sodium injection, 5000 USP units/mL, Baxter Healthcare
Corp.) and 50 pL manganese reagents (manganese(ll) chloride solution, 1.00 mol/L + 0.01
mol/L, SIGMA). The precipitate was removed by centrifugation for 30 min at 1500 xg, 4 °C
[18]. HDL-C was determined in the supernatant in duplicate measurements by the Abell-
Kendall RMP [19]. LDL-C was calculated as the difference between BFC and HDL-C. A
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total of 8 replicate values per sample were obtained, and the mean of these replicates is used
for comparison of assay performance.

2.4. Performance criteria

Performance criteria applied to the CRMLN lipid reference laboratories are summarized in
Table 1. Because the LDL-C is the difference between BFC and HDL-C, the bias criterion
for BFC was determined by the allowable bias for LDL-C and HDL-C and was considered
to be £ the sum of the allowable HDL-C and LDL-C bias.

2.5. Statistical analysis

We used protocol EP9-A from the Clinical and Laboratory Standards Institute [20-22] for
bias estimation and STATA12 analysis program for all other calculations.

3. Results

The concentration ranges of the 67 lots used in the CRMLN surveys were 122.3-223.7
mg/dL, 27.0-72.4 mg/dL, and 71.5-173.3 mg/dL for BFC, HDL-C, and LDL-C,
respectively. For 15 years, the reference laboratory at Osaka meets CRMLN accuracy and
precision performance goals for BFC, HDL-C and LDL-C (Table 2).

The mean percent bias between the Osaka laboratory and the CDC reference laboratory was
<0.5% for all analytes, with limits of agreement being very narrow. Bias and regression
analyses show that the bias, though small, is significant. The observed bias is well-below the
allowable bias for CRMLN laboratories. The individual sample biases at low analyte
concentrations tend to be positive, and at high concentration the biases are negative for all
analytes (Fig. 1A-C).

From the estimation by regression line, the absolute bias between CDC and Osaka in the
clinical decision levels was estimated as 0.40 mg/dL for BFC at 180 mg/dL, 0.32 mg/dL for
HDL-C at 40 mg/dL and 0.62 mg/dL for LDL-C at 140 mg/dL. The bias was small, but the
mean value of absolute bias in upper 10% and lower 10% concentration of reference value
was larger than that in middle 80% for BFC (1.45 mg/dL vs. 0.98 mg/dL: p = 0.01). There
was no difference of bias related to concentration for HDL-C (0.69 mg/dL vs. 0.54 mg/dL: p
=0.19) and LDL-C (1.04 mg/dL vs. 1.10 mg/dL: p = 0.70) (Table 3).

Assessing measurement bias over time showed no significant trend from May 1997 to
October 2012. This is indicated in no significant bias observed with lot bg47, which was
analyzed quarterly over 2.5 years. Furthermore, no significant trend in measurement bias
was observed for this period (Fig. 2).

Correlation plots between BFC (x-axis, unit: %bias vs. CDC) and LDL-C (y-axis, unit:
%bias vs. CDC) of the Osaka laboratory are positively correlated (y = 1.088x — 0.208, n =
280, R? = 0.652 (p-value < 0.001), p-value and 95% CI for slope are <0.001 and (0.994,
1.182), respectively, p-value and 95% CI for intercept are <0.001 and (-0.289, -0.128),
respectively) (Fig. 3D). In contrast, only weak correlations are observed between the biases
from BFC (x-axis, unit: %bias vs. CDC) and HDL-C (y-axis, unit: %bias vs. CDC). (y =
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0.480x + 0.513, n = 280, R2 = 0.057 (p-value < 0.001)) (Fig. 3E). Similarly, only weak
correlations existed between the biases from LDL-C (x-axis, unit: %bias vs. CDC) and
HDL-C (y-axis, unit: %bias vs. CDC). (y = —0.441x + 0.299, n = 280, R2 = 0.087 (p-value <
0.001)) (Fig. 3F).

4. Discussion

LDL-C is a key biomarker for cardiovascular disease risk assessment, and it is the primary
target for treatment. No RMP currently exists for direct measurement of LDL-C. Therefore,
the BQ approach was established to assign LDL-C reference values to serum materials. Like
all RMPs, it is not intended for use in patient care because of its technical demands (e.g.
overnight UC, manual volumetric sampling, and reconstitution of the bottom fractions)
[23,24]. However, the technical limitations of this method such as sample throughput or
complexity are similar to those of other RMPs [25]. Because measurement results are
traceable to an RMP and the International System of Units, it is important to assure that this
method is highly reproducible and accurate over time. Efforts by CDC and its partners to
assure the accuracy of LDL-C measurements have been ongoing for over 15 years. The
CRMLN assures the accuracy of LDL-C measurements by providing reference measurement
service to the clinical laboratory community to establish metrological traceability to the
CDC RMP. Only a few studies have examined the performance of BQ RMP [26-28]. This
study describes the performance of LDL-C value-assignment performed in one CRMLN
laboratory over 15 years.

The actual cholesterol measurements are traceable to pure compound certified reference
materials and thus are traceable to Sl as outlined in ISO 17511. The isolation of the lipid
fractions is traceable to a RMP, which is also outlined in 1ISO 17511. To our knowledge, 1SO
17511 does not define nor require a so called “gold standard”. Because cholesterol
measurements are traceable to S, we prefer to use the term “accuracy” in the manuscript.
The CDC BQ RMP is classified as a higher order reference measurement procedure used to
assign reference values on frozen reference materials. The CDC LDL-C RMP is the
reference point for LDL-C recommended by the NCEP Lipoprotein Measurement Working
Group. The accuracy reported in the paper refers to the accuracy compared to the CDC LDL
reference values. The CRMLN laboratories achieve traceability to CDC RMP through
monitoring.

The BQ method combines the removal of triglyceride (TG)-rich VLDL by UC, isolation of
HDL from the UC bottom fraction, and cholesterol analysis of the bottom fraction and HDL
supernatant. Therefore, the performance of HDL-C and BFC measurements needs to be
considered when assessing factors affecting LDL-C target value assignments.

Over 15 years, the BQ RMP operated at the Osaka laboratory provided highly accurate and
precise measurements of HDL-C and LDL-C, as indicated in the high agreement with the
CDC reference laboratory. The observed mean bias is well within the allowable bias for
CRMLN laboratories. The CRMLN focuses mainly on assuring accuracy of measurements
around the clinical decision levels, which would be 40-60 mg/dL for HDL-C and 100-160
mg/dL for LDL-C (Fig. 1B,C); most of the serum pools used in CRMLN cover these ranges.
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Within these ranges, no significant mean bias and no proportional bias between the 2
methods were observed (Table 3). Considering that the LDL-C value assignments are
derived from two separate measurements and that this RMP is technically very demanding,
the overall performance and performance over time is remarkable. The data demonstrate that
this method can be operated in a highly precise manner over long periods of time.

The CDC BQ method has been accepted as the most reliable RMP for HDL-C and LDL-C
measurements, and it was recommended by the NCEP as the RMP method for HDL-C and
LDL-C. The BQ method was used to establish the concentrations of the major lipoprotein
classes in almost all epidemiological studies and clinical trials on which current guidelines
for CVD risk assessment are based. It is used in the assignment of LDL-C reference values
to calibrators or standards, patient specimens or bench-level quality control materials, and in
the evaluation of direct [29,30] and homogeneous methods [31-33]. In the “Program
Recommendations for the Measurement of Low-Density Lipoprotein Cholesterol: Executive
Summary” [16], Bachorik et al. encouraged the early development of homogeneous methods
and suggested that new methods for measuring LDL-C should be developed that are capable
of directly quantifying LDL-C, and which should not be based on calculations of the
difference between two or more measured values. The developed homogeneous methods
have some advantages, such as the direct measurement of LDL-C by automated analytical
instruments and possible use of non-fasting samples. However, they do have limitations [31-
33]. Therefore, the BQ method is needed to assure accurate patient data that can be
compared to current clinical decision points.

The reference values obtained with the BQ approach are based on the density of lipoprotein
particles and their separation using specific UC conditions. LDL is not a unique molecular
species; it consists of a group of similar, mixed, and atherogenic lipoproteins that vary to
some degree in their chemical composition and physico-chemical particles [34]. The bottom
fraction contains minor, but atherogenic lipoprotein classes such as IDL and Lp(a)
[17,35,36]. In normal individuals, both lipoprotein classes can be expected to contribute 2—4
mg/dL, on average, to the total cholesterol measurement; however, their concentrations may
be higher in patients with CHD and in patients at risk of developing CHD by virtue of
dyslipidemia. The alterations of these lipid classes can affect cardiovascular disease risk,
which may not be adequately detected by the BQ approach. Therefore, new approaches,
such as measurement of LDL particle numbers, have been suggested to better assess
cardiovascular risk in patients with such conditions [37]. The limitation of the BQ approach
needs to be considered when using this RMP for reference value assignments.

The strong correlation between the BFC bias and the LDL-C bias, as well as the weak
correlation between the LDL-C bias and HDL-C bias, suggests that the accuracy of LDL-C
performed is directly affected by the accuracy of the BFC measurement and, to a much
lesser extent, by the HDL-C measurement. This is expected because the LDL-C is calculated
from the BFC, while HDL-C is an independent measurement. Because of the good
agreement between CDC RMP and Osaka RMP, the different UC conditions used by these
laboratories do not appear to have a profound effect on the mean bias or individual sample
biases.
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In conclusion, this study demonstrates that accurate measurement of BFC is critical for
LDL-C value assignment. The BQ RMP performed at the Osaka laboratory is accurate and
consistent over time. This assures that calibrations of assays used in patient care are
accurate, and that measurements performed in patient care meet established performance
criteria. Thus, the BQ RMP ensures that current guidelines using LDL-C levels for CVD risk
assessments can be applied correctly and consistently.
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Fig. 1.
Scatter plots of bias at Osaka vs. CDC for BFC (A), HDL-C (B) and LDL-C (C). (A) CDC:

US Centers for Disease Control and Prevention. BFC: Bottom fraction cholesterol. x-axis
indicates CDC reference value of BFC (unit: mg/dL) in the concentration range from 122.3
to 223.7 mg/dL and y-axis indicates the BFC bias between Osaka and CDC (unit: mg/dL). y
(bias (Osaka—CDC)) = —0.012 x (CDC reference value) + 1.759 [n: 280, R2 = 0.042 (p-
value: 0.001)]. p-value and 95% ClI are 0.001 and (—0.019, —0.005) for slope, respectively. p-
value and 95% ClI are 0.004 and (0.551, 2.968) for intercept, respectively. (B) CDC: US
Centers for Disease Control and Prevention. HDL-C: High-density lipoprotein cholesterol.
x-axis indicates CDC reference value of HDL-C (unit: mg/dL) in the concentration range
from 27.0 to 72.4 mg/dL and y-axis indicates the HDL-C bias between Osaka and CDC
(unit: mg/dL). y (bias (Osaka—CDC)) = —0.020 x (CDC reference value) + 1.112 [n: 280, R?
= 0.063 (p-value: <0.001)]. p-value and 95% CI are <0.001 and (-0.029, —0.011) for slope,

Clin Chim Acta. Author manuscript; available in PMC 2017 November 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nakamura et al.

Page 11

respectively. p-value and 95% CI are <0.001 and (0.671, 1.553) for intercept, respectively.
(C) CDC: US Centers for Disease Control and Prevention. LDL-C: Low-density lipoprotein
cholesterol. x-axis indicates CDC reference value of LDL-C (unit: mg/dL) in the
concentration range from 71.5 to 173.3 mg/dL and y-axis indicates the LDL-C bias between
Osaka and CDC (unit: mg/dL). y (bias (Osaka—CDC)) = —-0.013 x (CDC reference value)
+1.186 [n: 280, RZ = 0.059 (p-value: <0.001)]. p-value and 95% CI are <0.001 and (—0.020,
-0.007) for slope, respectively. p-value and 95% CI are 0.004 and (0.376, 1.996) for
intercept, respectively.
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%bias plots of LDL-C vs. CDC at each run
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Fig. 2.
%Bias plots of LDL-C vs. CDC at each survey run. CDC: US Centers for Disease Control

and Prevention. LDL-C: Low-density lipoprotein cholesterol. x-axis indicates survey run
number during May 1997 and October 2012 with 70 runs and y-axis indicates %bias of
LDL-C vs. CDC. The accuracy criteria of %bias plots of LDL-C is +2% of CDC reference
value. Each survey run consists of 3 to 5 CDC pools for beta quantification analysis.
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D Correlation plots between BFC and LDL-C
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Fig. 3.
Scatter plots of correlation and regression at Osaka between BFC and LDL-C (D), BFC and
HDL-C (E), and LDL-C and HDL-C (F). (D) CDC: US Centers for Disease Control and
Prevention. BFC: Bottom fraction cholesterol. LDL-C: Low-density lipoprotein cholesterol.
Cl: Confidence interval. x-axis indicates Osaka BFC (unit: %bias vs. CDC) and y-axis
indicates Osaka LDL-C (unit: %bias vs. CDC). y (Osaka LDL-C) = 1.088 x (Osaka BFC)
-0.208 [n: 280, RZ = 0.652 (p-value: <0.001)]. p-value and 95% CI are <0.001 and (0.994,
1.182) for slope, respectively. p-value and 95% ClI are <0.001 and (-0.289, —0.128) for
intercept, respectively. (E) CDC: US Centers for Disease Control and Prevention. BFC:
Bottom fraction cholesterol. HDL-C: High-density lipoprotein cholesterol. Cl: Confidence
interval. x-axis indicates Osaka BFC (unit: %bias vs. CDC) and y-axis indicates Osaka
HDL-C (unit: %bias vs. CDC). y (Osaka HDL-C) = 0.480 x (Osaka BFC) + 0.513 [n: 280,
R2 = 0.057 (p-value: <0.001)]. p-value and 95% CI are <0.001 and (0.250, 0.711) for slope,
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respectively. p-value and 95% CI are <0.001 and (0.316, 0.710) for intercept, respectively.
(F) CDC: US Centers for Disease Control and Prevention. HDL-C: High-density lipoprotein
cholesterol. LDL-C: Low-density lipoprotein cholesterol. Cl: Confidence interval. x-axis
indicates Osaka LDL-C (unit: %bias vs. CDC) and y-axis indicates Osaka HDL-C (unit:
%bias vs. CDC). y (Osaka HDL-C) = —0.441 x (Osaka LDL-C) + 0.299 [n: 280, RZ = 0.087
(p-value: <0.001)]. p-value and 95% CI are <0.001 and (-0.609, -0.273) for slope,
respectively. p-value and 95% ClI are 0.004 and (0.098, 0.499) for intercept, respectively.
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Table 1
Performance criteria applied to CRMLN lipid reference laboratory using BQ RMP.

Lipid Precision Accuracy

BFC CV<15% +(CDC LDL-C reference value x 0.02 + HDL-C bias vs. CDC)
[max = +2 mg/dL or 0.04 (HDL-C reference value) if smaller]

HDL-C SD<1mg/dL +CDC HDL-C reference value x 0.04
LDL-C CV<15% +CDC LDL-C reference value x 0.02

CRMLN: Cholesterol Reference Method Laboratory Network. BQ RMP: Beta quantification reference measurement procedure.
CDC: US Centers for Disease Control and Prevention.

BFC: Bottom fraction cholesterol.
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Table 2

Measurement performance of the CRMLN laboratory at Osaka determined with 280 pooled sera measured
between May 1997 and October 2012 in 70 survey runs.

Statistical item BFC HDL-C LDL-C

Mean precision as %CV (SD)  0.60 (0.342) 1.01 (0.605) 0.85 (0.461)
Mean bias as % (SD) -0.12 (0.853) 0.45 (1.708) -0.34 (1.148)
Pass rate for imprecision (N) 95.4% (267) 95.4% (267) 91.8% (257)
Pass rate for bias (N) 91.4% (256) 94.6% (256) 89.6% (251)
Absolute bias (%) 0.63 +0.589 1.23+1.270 0.86 +0.830
Bias in mg/dL (95% CI) 0.34 (0.14, 0.53) -0.16 (-0.26, -0.07)  0.49 (0.32, 0.66)
Limits of agreement in mg/dL  —2.87 to 3.54 -1.76t0 1.43 0.31t0 0.66

Slope (95% CI)
Intercept (95% CI)

0.988 (0.981, 0.995) 0.980 (0.971,0.989)  0.987 (0.980, 0.993)
1.794 (0.581,3.006)  1.118 (0.676, 1.560)  1.200 (0.388, 2.011)
Correlation coefficient as R2 0.997 0.994 0.997

CRMLN: Cholesterol Reference Method Laboratory Network.

BFC: Bottom fraction cholesterol.
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Table 3

Comparison of absolute bias between middle 80% and upper/lower 10% of reference values.

Page 17

Lipid Range of middle 80% of reference Mean of absolute biasin middle Mean of absolute biasin upper p-value
(CDC) value 80% of reference (CDC) value 10% and lower 10%

BFC 132.80-214.79 mg/dL 0.98 mg/dL 1.45 mg/dL 0.01

HDL-C  33.50-64.50 mg/dL 0.54 mg/dL 0.69 mg/dL 0.19

LDL-C  95.50-165.39 mg/dL 1.10 mg/dL 1.04 mg/dL 0.70

BFC: Bottom fraction cholesterol.
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