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Background: Limited data are available for validation of low-density lipoprotein cholesterol (LDL) calculation
(LDLcy) in the adult Korean population. The aim of this study was to develop and validate a new equation for
LDL., and to compare it with previous such equations in a Korean population.

Methods: A new equation for LDL, was developed (LDLcpo). LDLcnoi and 11 other previously published equations
were applied and compared with directly measured LDL concentration (LDLgject) in @ development cohort
(population 1), an independent validation cohort in the same laboratory (population 2), and the Korea National
Health and Nutrition Examination Survey 2017 cohort (population 3).

Results: Among the 12 equations, the newly-developed equation (LDLcpe; = total cholesterol — 0.87 x high-density
lipoprotein cholesterol — 0.13 x triglycerides) had the highest intraclass correlation coefficient (ICC) and the lowest
mean systemic difference and median absolute percentage error in populations 1 and 2 but not in population 3.
Subgroup analysis showed good agreement between LDLcpo; and LDLgjece (ICC > 0.75) in population 2, whose
LDLgirect < 70 mg/dL. For samples with high triglycerides (> 400 mg/dL), equation accuracy varied. Categorization
concordance according to the National Cholesterol Education Program Adult Treatment Panel Ill criteria with the
other 11 equations were less than 80%; that of LDLcpe; was 87.6 and 87.4% in populations 1 and 2, respectively.

Conclusions: Accuracy of 12 equations for LDL, varied by cohort and subgroup based on LDL ;e and triglycerides.
A laboratory-specific equation for LDL, and/or LDLgjece May be needed for accurate evaluation of LDL status.
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Introduction

Low-density lipoprotein cholesterol (LDL) is a well-
known risk factor and therapeutic target for atheroscler-
otic disease [1, 2]. In patients at high cardiovascular risk
due to dyslipidemia, low-density lipoprotein cholesterol
(LDL) reduction is recommended as the primary treat-
ment goal, with statins as first-line therapy in national
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and international clinical practice guidelines [3, 4]. LDL
can be measured directly (LDLgjee) with several
methods [5, 6]. The accepted gold-standard method for
LDL measurement is labor-intensive, time-consuming,
and expensive P-quantification after ultracentrifugation
[7]. Instead, direct homogeneous assays for LDL meas-
urement have been widely used and showed reasonable
accuracy and precision compared with the reference
method [5, 6]. Meanwhile, LDL is often calculated
(LDL,)) from a lipid profile test that includes measurement
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of total cholesterol (TC), high-density lipoprotein choles-
terol (HDL), and triglycerides (TG) [3, 8].

LDL is typically calculated using the Friedewald
equation [LDLgedewaia = TC — HDL — (TG/5)], which was
developed based on analysis of 448 patients in 1972 [9].
The Friedewald equation is inaccurate increasingly at TG
concentrations from 200 to 400 mg/dL and is regarded as
invalid when at TG level > 400 mg/dL [5, 10]. Although
several LDL calculation equations have been suggested as
alternatives for Friedewald, studies performed in
populations using different analytical measurement
methods for lipid quantification reported varying equation
accuracy [3, 4, 8, 11-21]. For example, in the United
States, Martin et al. suggested a new equation for LDL es-
timation (LDLypaun) using an adjustable factor for TG:
very-low-density lipoprotein cholesterol (VLDL) ratio
based on TG and non-HDL concentration (non-HDL =
TC — HDL) stratification based on lipid profiles obtained
from 1,350,908 subjects [4]. Martin et al. reported that the
overall concordance in guideline risk classification with
LDLgirect Was 91.7% for LDLyjaptin and 85.4% for LDLgyiede.
wald for patients with TG lower than 400 mg/dL, but the
concordance was modest (from 57.8 to 69.8%) in patients
with TG =400 mg/dL [4]. An indiVidual patient meta-
analysis Of statin therapY in At risk Groups: Effects of
Rosuvastatin, atorvastatin and simvastatin (VOYAGER)
was conceived to compare the efficacy of three statins
most commonly used in clinical practice (atorvastatin,
rosuvastatin, and simvastatin) using patient meta-analysis
to characterize the effect of individual statin agents on
lipid levels using individual patient data from pooled clin-
ical studies [22]. The VOYAGER database contains LDL
concentrations using LDLp jeqewalq for patients with TG <
400 mg/dL and LDLgjet using p-quantification for those
with TG > 400 mg/dL [22]. However, a recent study from
the VOYAGER meta-analysis database aimed to investi-
gate the difference in LDL.,; when using the LDLyjarin
and LDLg jedewala €quations reported that LDLyy, i, might
not be suitable for patients with TG =400 mg/dL and can
result in overestimation of LDLgj e [13]. Considering that
ethnically and ancestrally diverse populations having dif-
ferent allele frequencies of genetic determinants of blood
lipids, for which transferable or non-transferable loci
might affect lipids in gene-environment interactions [23],
validation of accurate clinical applicability for all equations
in various ethnic populations is needed [1, 3, 13, 20, 21].

In Korea, limited data are available on the accuracy of
equations for LDL.,. Previous studies performed in
Korea investigated the accuracy of limited numbers of
equations for LDL, [8, 14, 18]. In Korea, LDLgjedewald
is most commonly used for LDL., [8, 24]. Therefore,
the aim of this study was to evaluate the performance of
a new LDL equation (LDLcy,;) along with previous LDL
estimations using 11 equations for LDL calculation in
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comparison with directly measured LDL in Korean
adults to improve understanding of LDL calculations
when direct measurement is unavailable. To the best of
our knowledge, this study includes the largest number of
equations to be validated in a Korean population.

Materials and methods

Study subjects

Clinical lipid profile test results (TC, HDL, TG, and
LDLgirect) performed between July 4, 2017 and Septem-
ber 5, 2018 in Korean adults (> 19 years) from the Green
Cross Laboratories information system were reviewed
retrospectively. Green Cross Laboratories is a referral
clinical laboratory in Korea that provides clinical speci-
men analysis services including lipid profile tests to
clinics and hospitals nationwide. Data obtained between
July 4, 2017, and September 5, 2018, were used to de-
velop a new equation for LDL calculation (LDLcy,;) in
this study, and data obtained from September 6 to
November 30, 2018, were used as a separate data set
(population 2, the validation cohort 1) to validate the
newly-developed LDLcy,,; equation. Data from the Korea
National Health and Nutrition Examination Survey
(KNHANES) 2017, a nationwide cross-sectional study
regularly conducted by the Division of Chronic Disease
Surveillance, Korea Centers for Disease Control and
Prevention of the Ministry of Health and Welfare, was
independently analyzed (population 3, the validation co-
hort 2) to evaluate generalizability of the 11 previously
suggested equations and the LDLcy,; equation developed
in this study. All data were anonymized before analysis.
The overall study design is shown in Fig. 1. The data
that support the findings of this study are available from
the corresponding authors upon reasonable request.

Analytical procedures
Serum concentrations of TC, TG, HDL, and LDL were
measured using enzymatic methods with an automatic
analyzer (Cobas 8000 ¢702, Roche, Mannheim,
Germany). LDL was measured using LDL-cholesterol
plus 2nd generation reagent on samples between July 4,
2017, and February 4, 2018, and LDL-cholesterol Gen.3
(Roche, Mannheim, Germany) between February 5 and
November 30, 2018. TC, TG, and HDL were measured
using Cholesterol Gen.2, TRIGL, and HDL-Cholesterol
plus 3rd generation, respectively. The accuracy of lipid
measurements was assured through the Accuracy Based
Lipid Survey proficiency testing program by the College
of American Pathologists and by the Lipids
Standardization Program by the Centers for Disease
Control, USA [25].

For population 3 (validation cohort 2, KNHANES
2017), serum TC, TG, HDL, and LDL were measured
using enzymatic methods with an automatic analyzer
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Population 1

T I

Lipid profile test: directly measured TC, HDL, LDL, TG

New equation development
estimated LDL =TC—-0.87 x HDL-0.13 x TG

Development cohort
2017.07.04 - 2018.09.05
Subject n = 4562
Test n=5198

Population 2

Validation cohort 1
2018.09.05 - 2018.11.30
Subject n = 2086

DL jegwatd = TC— HDL - (TG/5)
LDLpeiong=TC — (HDL + 0.16 x TG)

LDLe cordova = 0.7516 x (TC—HDL)

Validation cohort 2
KNHANES 2017
Subject n = 889

N

Compared with directly measured LDL
+ 11 different equations for LDL estimation

LDLg,, = TC — HDL — {TG x [0.203-(0.00011 x TG)]}
LDLyaor = (0.94 x TC) —(0.94 x HDL) - (0.19 x TG)
LDLAnandaraja . (09 % TC) - (09 X TG/S) -28

Test n = 2163 LDLgpmoqi = (TC/1.19) — (HDL/1.1) + (TG/1.9) — 38
LDLpyayitai = TC— HDL — (TG/6)
Population 3 LDLyjovic = TC — HDL — (TG/6.58)

LD"Chen and Zhang = (TC — HDI—) x0.9- (TG X 01)

LDLyjarin = (nON-HDL) - (TG/different adjustable factors)

Cf. TC— HDL = non-HDL J

Subgroup analysis

By directly measured LDL

Group 1 (LDL < 70 mg/dL)
Group 2 (LDL > 70 mg/dL)

By TG

Group 1 (Triglyceride < 175 mg/dL)
Group 2 (Triglyceride 175-400 mg/dL)
Group 3 (Triglyceride > 400 mg/dL)

Test n =889

Fig. 1 Study scheme
A

Abbreviations: TC, total cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; TG, triglyceride.

Hitachi 7600-210 (Hitachi, Tokyo, Japan) using PureautoS
CHO-N, Pureauto S TG-N, Cholestest N HDL, and
Cholestest LDL reagents (Sekisui Medical, Tokyo, Japan),
respectively [24].

Selection of equations for calculated LDL

LDL was calculated using 11 previously published equa-
tions suggested by Friedewald et al. (LDLgyeqwaia) [9],
DeLong et al. (LDLperong) [15], Rao et al. (LDLg,,) [26],
Hattori et al. (LDLpuor) [16], Anandaraja et al. (LDL,.
nandaraja) [17], Ahmadi et al. (LDLapmaai) [27], Puavilai
et al. (LDLpyayilai) [11], Chen and Zhang et al. (LDLcpe,
and Zhang) [19]’ VujOViC et al (LDLVujovic) [28]’ de
Cordova et al. (LDLge cordova) [29], and Martin et al.
(LDLpfartin) [4]. And a new equation (LDLcp,;) using
multiple linear regression analysis of TC, TG, HDL and
LDLgjrece values using the development cohort. All 12 of
these equations were compared with LDL ;e measured
using a homogenous enzymatic method for development
and independent validation cohorts, which including
populations of the KNHANES 2017 cohort.

Statistical analysis

The distribution of continuous variables is described as
mean with standard deviation (for normally distributed
variables) or as median with interquartile range (for
skewed variables) and compared using an independent t-
test and Wilcoxon rank sum test, respectively. Categorical

variables are reported as observed number and percentage
as calculated using the Chi-square test.

Agreement and accuracy of the 12 equations for esti-
mating LDL., were investigated using LDLgjcc as the
reference value. The intraclass correlation coefficient
(ICC) was calculated to compare the degrees of agree-
ment between the 12 equations and LDLgj.e.r. The level
of agreement was defined according to ICC value; good
agreement was when ICC >0.75, and moderate agree-
ment was when 0.5<ICC <0.75 [18]. Bland-Altman
plots were assessed to compare LDLgjee and multiple
equations for LDL,;.

Subgroup analysis was performed to investigate
whether discordant LDL quantification occurs when
LDL cholesterol is measured or calculated with different
assays, especially in patients with low LDL cholesterol or
hypertriglyceridemia [1]. Data were classified into two
groups (LDL <70 mg/dL in LDL group 1 and LDL >70
mg/dL in LDL group 2) for subgroup analysis to investi-
gate the performance of each equation based on LDL
concentration. Data were classified into three groups ac-
cording to serum TG concentration as follows: <175,
175-400, and > 400 mg/dL [5, 10] for subgroup analysis
to investigate the performance of each equation based
on TG concentration.

Agreement according to category based on the
National Cholesterol Education Program (NCEP) Adult
Treatment Panel III (ATP III) between LDL_, estimated
using the 12 equations and LDLgj..c concentration was
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also assessed. Optimal LDL concentration for < 100 mg/
dL, above optimal for 100-129 mg/dL, borderline high
for 130-159 mg/dL, high for 160-189 mg/dL, and very
high for >190 mg/dL were applied [30]. Equations for
LDL.,; and NCEP ATP III criteria for each LDL., are
provided as online Supplementary Material S1.

Statistical analysis was executed using MedCalc soft-
ware for Windows, version 19.1.3 (MedCalc Software bv,
Ostend, Belgium; https://www.medcalc.org; 2019). Statis-
tical significance was defined as a P-value less than 0.05.

Results

A total of 5198 lipid profile test results from 4562
Korean adults was obtained between July 4, 2017, and
September 5, 2018, and was used to develop a new equa-
tion for LDL calculation (LDL¢y,;). Using multiple linear
regression analysis of the development cohort data with
5198 lipid profile test results, a new equation for
estimated LDL., was developed as follows: LDLcy; =
TC - 0.87 x HDL - 0.13 x TG. Between September 6
and November 30, 2018, 2163 lipid profile test results
from 2086 Korean adults were obtained in the same
laboratory and used as a separate data set (population 2,
validation cohort 1), with which LDLg;,ect Wwas measured
with a different reagent generation to validate the newly
developed LDLcy,; equation. For another independent
validation cohort (population 3, validation cohort 2), a
total of 889 lipid profile test results from 889 Korean
adults was used. General characteristics and lipid profile
test results in the three independent populations in this
study are summarized in Table 1. In the KNHANES
2017 cohort (validation cohort 2, population 3), the pro-
portion of male subjects was greater than that of female
subjects, there were no subjects with TG <175 mg/dL,
and there were more patients with TG >400 mg/dL
compared to the other cohorts.

Including the newly developed equation (LDLcy,;), 12
equations for LDL., were analyzed. In populations 1
(development cohort) and 2 (validation cohort 1), the
mean value of estimated LDL, in total subjects (men
and women) showed negative bias in comparison with
LDLgjrect €xcept for LDLapmaai (Supplementary Fig. S1
and Table S1). In population 3 (validation cohort 2,
KNHANES 2017), estimated LDLpmaqi Showed a mean
value greater than two times that of LDLyj... Because
LDLRao» LDLAnmadir @nd LDLge cordova €quations had sev-
eral outliers with large differences between estimated
LDL and LDLgjec, Bland—Altman plots for only nine of
the equations are shown in Fig. 2.

Among the 12 equations for LDL,, the newly devel-
oped LDLcy,; equation showed the highest ICC in the
development cohort (population 1) and in validation co-
hort 1 (population 2). However, LDLperong; LDLrao
LDLPuavilair LDLChen and Zhang LDLVujovicr and LDLMartin
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showed a higher ICC than did LDLcy,; in validation co-
hort 2 (population 3, KNHANES 2017). All equations
except LDLapmaqi showed good agreement with ICC >
0.75. LDLcpo; showed the lowest mean systemic differ-
ence in populations 1 and 2, although other equations
showed lower systemic differences than LDLcy,,; in valid-
ation cohort 2 (population 3, KNHANES 2017). The
limits of agreement with LDLgjee and LDL, from each
equation are summarized in Supplementary Table S2.
LDLcp,; showed the lowest absolute percentage error for
LDLgjrect €stimation in populations 1 and 2 but not in
population 3.

In subgroup analysis according to LDLgjec; cOncentra-
tion, the equations showed variable accuracy in compari-
son with LDLgjece (Supplementary Tables S3 to S4 and
Supplementary Figs. S2). The top three equations that
showed high ICC, low mean systemic differences, or low
absolute percentage errors are presented in color. In
LDL group 1 (LDLgjece < 70 mg/dL), no equation showed
good agreement (ICC>0.75) with LDLgjee except
LDLcp,; in women in population 2 (ICC = 0.81). Differ-
ent equations ranked as top three among subgroups. In
LDL group 1 (LDLgject <70 mg/dL), the newly devel-
oped LDLcyp,; equation was included frequently in the
top three equations for ICC, mean systemic differences,
and absolute percentage errors in populations 1 and 2
but not in population 3.

In subgroup analysis according to TG concentration
(Supplementary Tables S5 and S6 and Supplementary
Fig. S3), all equations except LDLge cordova Showed good
agreement (ICC>0.75) with LDLgjee in TG group 1
(TG <175 mg/dL). In TG group 2 (TG 175-400 mg/dL),
all equations showed good agreement with LDL ;e €X-
cept LDLapmaq; in all three populations. In TG group 3
(TG >400 mg/dL), the LDLperong LDLyyjovie LDLchen
and Zhangr LDLyMartin, and LDLcy,; equations showed good
agreement with LDLgj e in all three populations.

Considering median and 95th percentile values of ab-
solute percentage errors, no equations showed values
<12.0% in all three populations. In subgroup analysis by
LDLgjrect concentration, only LDLcy,; showed median
absolute percentage error values <12.0% in populations
1 and 2 in LDL group 1 (LDL <70 mg/dL). In subgroup
analysis by TG concentration, no equation showed
<12.0% error for 95th percentile values of absolute per-
centage error in TG group 2 (TG 175-400 mg/dL) or
TG group 3 (TG >400mg/dL), while only LDLcyp;
showed <12.0% in TG group 1 (TG < 175 mg/dL) in pop-
ulations 1 and 2.

Overall concordant categorization agreement accord-
ing to the NCEP ATP III between LDL.,; estimated
using the 12 equations and LDLgjex concentration is
summarized in Fig. 3. The concordance rate varied
among equations for LDL,,. Categorization concordance
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according to the NCEP criteria in the other 11 equations
was less than 80% in all three populations. However,
LDLcpo; showed the highest concordance with LDLgj ect
(86.8—88.0%) in populations 1 and 2, followed by LDLy,_
jovic: In population 3, LDLcp,; overestimated 38.8% of re-
sults, while the other equations except for LDLiior
showed higher concordance than LDLcpg;.

Discussion

In this study, a new equation (LDL¢y,;) for LDL estima-
tion is developed and validated in agreement and accur-
acy with LDLgyee as the reference value using two
independent cohorts in comparison with 11 equations
established in previous studies in a Korean population.
Although several studies have been reported to validate
several of the 11 equations in the Korean population, to
the best of our knowledge, this study includes the largest
number of concurrent equations for validation of esti-
mating LDL,.

The LDLcyo; showed good agreement with LDL gj e in
populations 1 and 2, which contained lipid profile data
from different periods using different generations of re-
agents in the same laboratory. However, in population 3
data from KNHANES 2017, all other equations showed
higher values for ICCs and lower values for systemic dif-
ferences and absolute percentage errors. Different equa-
tions showed different performance among the three

populations in this study. These findings might be due
to various factors in measurement of LDLg;., including
analytical methods with use of different reagents and in-
struments as well as different ethnicities and populations
with various health conditions [8]. These findings sug-
gest that laboratory-specific equations would provide
more accurate values of estimated LDL., rather than
use of LDLiedwald-

In the era of personalized medicine, patient-specific
risk estimation is important for health care [3]. In this
study, categorization concordance according to the
NCEP criteria in the previously developed 11 equations
was less than 80% in all three populations. These find-
ings suggest that LDL., concentration was under- or
over-estimated for more than 20% of patients. Previous
studies regarding evaluation and validation of various
equations for LDL,, estimation usually included speci-
men results with TG concentration < 400 mg/dL based
on the limitation of accuracy for the LDLpjedewala €qua-
tion [1]. In the present study, the accuracy of 12 equa-
tions of LDL,, was evaluated using 511 test results with
>400 TG mg/dL. Although the highest concordance rate
according to NCEP ATP III criteria was observed as
81.3% in population 1 and 75.5% in population 2 for
LDLcyp,; in TG subgroup 3 (TG >400 mg/dL), the con-
cordance according to NCEP ATP III criteria was 71.0%
for LDLEjeqwalds 55.7% for the newly developed LDLcy;
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categories assigned by directly measured LDL concentration

Population 1 Population 2 Population 3
Total LDLChoi 7= 87.6 54 66 87.4 6.0 1=9 59:3 ——388——
LDLMartin ==339=—x= 65.5 015 330 66.4 016 87 76.2 o152
LDLde Cordova =———A88=——== 48.2 30 ey 50.4 25 = = 8 65.5 218
LDLChen and Zhang =——Atmp=——= 58.2 015 g 59.6 013 I 76.2 ju==ra)
LDLVujovic ==283== 713 015 —27.0— 726 013 7.6 77.6 e
LDLPuavilai ==326=—= 67.1 013 —307— 69.1 011 127 77.4 [=cac ]
LDLAhmadi =t#6= 37.6 478 145 399 L 5.7 ] (BOF
LDLAnadaraja ==264=—= 63.6 10:0 25— 67.7 93 —339— 62.3 38
LDLHattori =52 9=——= 47.0 011 50— 49.0 00 =—A5—— 587 13
LDLRao ==363=—== 63.1 o7 345 65.1 04 141 749 e
LDLDelong ==307=—= 69.0 o3 —290— 70.8 012 10.8 77.5 arr
LDLFriedwald =——ftsg=—x= 584 011 —3%0—— 61.0 00 ==288=—= 66.8 44
Men  ipichoi 5 87.7 %9 63 86:8 69 22 624 —s5—
LDLMartin ===3%5=—= 677 018 —299— 69.4 o7 88 777 134
LDLde Cordova =———a2g=——x 52.8 &5 - 423 54.0 3 [ 66.0 —223—
LDLChen and Zhang ====378=—== 61.4 018 ——358—— 63.8 04 119 77.6 0.5
LDLVujovic ==28#== 711 015 27— 74.9 015 83 793 124
LDLPuavilai ===38:0=== 66.7 013 286 TE2 012 138 77.7 85
LDLAhmadi 96 33.0 ET———— 574 93 35.3 a Qo
LDLAnadaraja ===33w=——= 623 =3 —275— 68.5 40 37— 60.2 x4
LDLHattori == fsg=————— 48.1 01 484 51.6 0.0 A== 50.2 019
LDLRao ==35F——= 63.2 191 — 320 67.4 016 3= 75.5 10.2
LDLDelong ===31z2=—= 68.5 013 =R 72.8 012 22 781 =2
LDLFriedwald =——2d=—— 57.8 011 374 62.5 011 ——308 65.8 34
WomenLDLChoi &2 87.4 59 69 88.0 51 13 53.2 55—
LDLMartin ====363=—== 635 013 360 63.5 015 83 T3 —186—
LDLde Cordova =———===548=—====x 438 14 — 58— 46.9 14 6= 64.5 209 —
LDLChen and Zhang =———aAgse=——== 55.1 013 442 55.5 013 126 73.4 400
LDLVujovic ==282=—= 715 014 e — 70.5 012 63 74.4 —=19:3—
LDLPuavilai ===328=—= 67.5 012 —328— 67.1 011 106 76.7 R =
LDLAhmadi =t9:5= 42.0 c—385—— —194— 44.2 L 363 1 00 =
LDLAnadaraja =19:9= 64.9 =352 —185— 67.0 144 —269— 66.4 66
LDLHattori =————Sg———= 45.9 010 53 5———— 46.5 0.0 —372— 60.5 28
LDLRao ===868=—= 62.9 013 —370—— 62.9 012 136= 73.8 1263
LDLDelong ==3@2=== 69.6 012 =30—— 68.8 012 80 76.4 =560
LDLFriedwald =———tmg=———= 589 011 - 405 59.5 0.0 —249— 68.8 63
0.0 20.0 40.0 60.0 80.0 100.0 0.0 20.0 40.0 60.0 80.0 100.0 0.0 20.0 40.0 60.0 80.0 100.0
% % %

Fig. 3 Overall agreement of categorization according to the National Cholesterol Education Program Adult Treatment Panel IIl (NCEP ATP lI)
between calculated LDL and directly measured LDL. X-axis represents percentage of agreement. Red color represents underestimated, yellow
color represents concordant, and green color represents overestimated patient categories according to NCEP ATP Il in comparison with those

equation, 77.1% for LDLyyjovic and 76.3% for LDLpyavitai
in population 3 for TG subgroup 3 (TG >400 mg/dL).
These findings confirmed the validation of equations for
estimated LDL, [1, 14, 18]. Considering that the NCEP
ATP III criteria could affect the management plan, ac-
curate assignment of patient categorization with accur-
ate LDL estimation is needed [4].

According to NCEP criteria, the total error of LDL
measurements should be within 12% of the true value
[7]. In this study, although median values of absolute
percentage errors were < 12% in some equations, when
considering both the median and 95th percentile values
of absolute percentage errors <12%, no equations met
these requirements. Only the LDLcy,,; equation met the
median and 95th percentile values of absolute percent-
age errors <12% in specimens with LDL =70 mg/dL in
the subgroup analysis for LDL concentration groups and
in specimens with TG <175mg/dL in the subgroup

analysis for TG concentration in populations 1 and 2.
This finding confirmed that previous estimations of LDL
might not be applicable in samples with low LDL or
high TG concentration, and LDLgje.¢ is needed for ac-
curate assessment of LDL concentration [31, 32].

Comparisons with other equations

A recent randomized clinical trial (the Further Cardio-
vascular Outcomes Research with Proprotein convertase
subtilisin/kexin type 9 (PCSK9) Inhibition in Subjects
with Elevated Risk Trial) using data collected from 2013
to 2016, from 1242 centers in 49 countries including
Korea, reported that the LDLyy, i, equation more closely
approximated the gold-standard preparative ultracentri-
fugation values than did LDLpjeqewaa [3]- In the present
study, LDLyjarin Showed good agreement with LDLgj ect
(ICC =0.92), with mean systemic differences from - 11.1
to 5.7% (- 12.5 to 4.4 mg/dL) in the three populations.
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In the subgroup analysis, LDLyja i, Was in the top three
equations for estimated LDL in both subgroups (LDLg;,.
ect <70 mg/dL or =270 mg/dL, Supplementary Tables S3
and S4). In subgroups of TG, LDLy,, Was in the top
three equations for estimated LDL (TG group 2 with
175-400 mg/dL and TG group 3 with >400 mg/dL), ex-
cept for TG group 1 patients whose TG < 175 mg/dL. In
patients with TG < 175 mg/dL, LDLcpei, LDLyyjovics and
LDLgerong frequently were listed in the top three equa-
tions (Supplementary Tables S5 and S6). Previous stud-
ies about LDL, have been performed in various ethnic
cohorts with different characteristics, such as range of
lipid concentrations and measurement methods for
LDLgjrect (Table 2). All equations compared in this study

Table 2 Characteristics of the 12 equations for calculated LDL
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varied in design factors, such as target population or
specific characteristics, by developer. Because of this,
equation comparisons should be interpreted carefully. In
the present study, LDL, using LDLyiy, 0, showed a very
high result in population 3 (KNHANES 2017, Validation
cohort 2). Meanwhile, as in Supplementary Tables S1 to
S6 and Figs. 2 and 3, LDLapmaq; Was different from the
other equations. Each of the 12 equations for LDL,
reflected a different effect of TG in the population data
used. Equations of LDLppori and LDLapmaq were de-
signed using subjects with TG <400 mg/dL and TG <
100 mg/dL, respectively. While LDLyyjovic Was also from
subjects with TG <400 mg/dL, it was based on LDLgject
values measured using an automated enzymatic method.

LDL, Pub. N of subjects Studied Specimen TG concentration characteristics Measurement Equations
year or specimens region type method for LDL
quantification
LDLtriedwald 1972 448 subjects USA Plasma TG ranged 20-2502 mg/dL. Ultracentrifugation TC - HDL - (TG / 5)
[Dlpetong 1986 10,483 subjects USA Plasma or 964 subjects whose TG > Ultracentrifugation TC - (HDL+0.16 x TG)
serum 400 mg/dL were included.
LDLRao 1988 196 sera Kuwait  Serum 33 subjects defined as high Ultracentrifugation TC - HDL - {TG x [0.203 —
TG (> 204 mg/dL) were (0.00011 x TG)I}
included.
LDLHatton 1998 2179 subjects Japan Plasma Subjects with TG > 400 mg/dL Ultracentrifugation (0.94 x TC) — (0.94 x HDL)
were excluded. ? -0.19x TG
LDLAnadarsja 2005 2008 subjects India Plasma 153 subjects whose TG > Ultracentrifugation (0.9 x TC) - (09 X TG/ 5) -
350 mg/dL were included. 28
LDLapmagi 2008 230 sera from Iran Serum All subjects had TG <350 mg/dL. ®  Automated (TC/1.19) - (HDL /
115 subjects Equations were produced using enzymatic 11)+0G/19) -38
data from patients with method
TG < 100 mg/dL.
[Dlpyaviai 2009 999 sera Thailand  Serum 80 subjects whose TG > Automated TC-HDL-(TG/6)
300 mg/dL were included. enzymatic
method
[DLyyovic 2010 2053 subjects Serbia Serum Subjects with TG > 400 mg/dL Automated TC - HDL - (TG/ 6.58)
were excluded. ® enzymatic
method
LDLchen 2010 2180 subjects China Serum 480 subjects whose TG > 400 mg/dL  Automated (TC - HDL) x 0.9 - (TG x
and Zhang were included. enzymatic 0.1)
method
[ DLye 2013 10,664 subjects Brazil Serum 470 subjects whose TG > 400 mg/dL  Automated 0.7516 x (TC — HDL)
Cordova were included. enzymatic
method
LDLyartin 2013 1,350,908 subjects USA Serum 10,124 subjects whose Ultracentrifugation (TC — HDL) - (TG /
TG > 400 mg/dL were included. different adjustable factors)
LDLchoi This  Development cohort: 5198  South Serum 302 sera with TG > 400 mg/dL were  Automated TC - 0.87 x HDL - 0.13 x
study sera from 4562 subjects Korea included. enzymatic TG
Validation cohort 1: 2163 75 sera with TG > 400 mg/dL were  method ©
sera from 2086 subjects included.

Validation cohort 2: 889
sera from 889 subjects

All subjects had TG = 200 mg/dL
(Among them, 131 had

TG > 400 mg/dL)

HDL high-density lipoprotein, LDL low-density lipoprotein, Pub. publication, TC total cholesterol, TG triglycerides
Equation of LDLpyavilai Was similar with that of LDLpelong. LDLge cordova d0€s not include TG concentration

*These equations did not include data from patients whose TG > 400 mg/dL

PAutomated c702 analyzers using LDL-cholesterol plus 2nd generation reagent for the development cohort and LDL-cholesterol 3rd generation reagent
for the validation cohort 1 were used (Cobas 8000 c702, Roche, Germany). For validation cohort 2, Hitachi 7600-210 (Hitachi, Tokyo, Japan) analyzer

using Cholestest LDL reagent (Sekisui Medical, Tokyo, Japan) was used
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Various measurement methods of lipids can vary in ac-
curacy, convenience, and cost [15]. Considering that
current clinical laboratories usually determine LDLgj et
by automatic enzymatic methods and physicians manage
patients with strategies based on these values from clin-
ical laboratories, LDL., obtained from LDLgjeer calcu-
lated by automatic enzymatic methods might better
classify patients at risk [28]. Future studies are needed to
define the accuracy and clinical impacts of various equa-
tions in large numbers of populations.

Strengths and limitations

The strengths of this study are development of a new
calculation equation (LDLcy,;) using a relatively large
number of Korean subjects and for which accuracy were
compared with that of multiple other equations. Further-
more, calculators for the 12 equations are provided as an
online supplementary material and can help physicians
and researchers validate LDL,,; in different ethnic popu-
lations. The limitations of this study are the retrospect-
ive design and the lack of clinical information including
detailed history and physical examination and other
laboratory and image studies associated with cardiovas-
cular and other diseases, which is out of the scope of this
study. The results of this study might not be
generalizable to other populations as all data were from
Korean adults. To enhance generalizability, future stud-
ies using different ethnic populations and ages are
needed. Future studies on the clinical impact of the
practice using large numbers of patients with various
LDL, and LDLgj.. in various ethnicities are needed.

Conclusions

In conclusion, a new LDLcyp,; equation for estimated
LDL,, was developed and validated in a Korean popula-
tion and compared with 11 previous equations using
LDLgirect as a reference method. The accuracy of
LDLcpo; was highest in laboratory-specific populations.
Considering that the accuracy varied according to cohort
(population), LDLgje, and TG concentration, direct
measurement of LDL is needed for accurate evaluation
of LDL. This study can help to expand our knowledge
about LDL,, in Korean populations and to improve test
utilization.
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