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Aims Low-density lipoprotein (LDL-C) lowering is imperative in cardiovascular disease prevention. We aimed to compare
accuracy of three clinically-implemented LDL-C equations in a clinical trial of cholesterol ester transfer protein (CETP)
inhibition.
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Methods and
results

Men and women aged 18–75 years with dyslipidaemia were recruited from 17 sites in the Netherlands and Denmark.
Patients were randomly assigned to one of nine groups using various combinations of the CETP inhibitor TA-8995
(obicetrapib), statin therapy, and placebo. In pooled measurements over 12 weeks, we calculated LDL-C by the Friede-
wald, Martin/Hopkins, and Sampson equations, and compared values with preparative ultracentrifugation (PUC) LDL-C
overall and with a special interest in the low LDL-C/high triglycerides subgroup. There were 242 patients contributing 921
observations. Overall median LDL-C differences between estimates and PUC were small: Friedewald, 0.00 (25th, 75th:
−0.10, 0.08) mmol/L [0 (−4, 3) mg/dL]; Martin/Hopkins, 0.02 (−0.08, 0.10) mmol/L [1 (−3, 4) mg/dL]; and Sampson,
0.05 (−0.03, 0.15) mmol/L [2 (−1, 6) mg/dL]. In the subgroup with estimated LDL-C <1.8 mmol/L (<70 mg/dL)
and triglycerides 1.7–4.5 mmol/L (150−399 mg/dL), the Friedewald equation underestimated LDL-C with a median
difference versus PUC of −0.25 (−0.33, −0.10) mmol/L [−10 (−13, −4) mg/dL], whereas the median difference by
Martin/Hopkins was 0.00 (−0.08, 0.10) mmol/L [0 (−3, 4) mg/dL] and by Sampson was −0.06 (−0.13, 0.00) mmol/L
[−2 (−5, 0) mg/dL]. In this subgroup, the proportion of LDL-C observations <1.8 mmol/L (<70 mg/dL) that were
correctly classified compared with PUC was 71.4% by Friedewald vs. 100.0% by Martin/Hopkins and 93.1% by Sampson.
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Conclusion In European patients with dyslipidaemia receiving a CETP inhibitor, we found improved LDL-C accuracy using contempo-
rary equations vs. the Friedewald equation, and the greatest accuracy was observed with the Martin/Hopkins equation.
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Introduction
Low-density lipoprotein (LDL-C) lowering is central to addressing the
global burden of atherosclerotic cardiovascular disease (ASCVD).1–7

In addition to diet and lifestyle modification, the evolving landscape of
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pharmacotherapies to lower LDL-C is enabling both greater LDL-C
lowering and greater reduction in ASCVD risk.6,8 Randomized trials
and meta-analyses of statin and non-statin therapies have shown
that each 1 mmol/L (or 39 mg/dL) lowering of LDL-C reduces the
relative risk of ASCVD by ∼20–25%.3 Increasing evidence supports
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a combination lipid-lowering strategy to optimally lower LDL-C,6 and
supports earlier and longer reductions of LDL-C considering that
ASCVD risk is related to cumulative LDL-C exposure.4

Effectively translating the evidence for LDL-C lowering to maxi-
mize clinical and public health benefits depends on the availability of
accurate LDL-C results from clinical laboratories to guide therapy.9–11

Traditionally, LDL-C has been calculated because the reference
method for LDL-C measurement (preparative ultracentrifugation
(PUC) or “beta quantification”) is too time-consuming and costly for
routine clinical practice.9,10 However, multiple different LDL-C equa-
tions are now being used in different laboratories to assess LDL-C,
raising questions about which equation to use in clinical trials and daily
practice. Furthermore, prior work has raised the possibility that LDL-
C accuracy could be impacted by pharmacotherapies, suggesting that
cholesterol ester transfer protein (CETP) inhibition could interfere
with an accurate assessment of LDL-C.12As the newest-generation
CETP inhibitor obicetrapib (TA-8995) enters phase III development,
clarifying the ability to accurately assess LDL-C on treatment is par-
ticularly timely and relevant.13,14

As such, we compare three clinically implemented LDL-C equations
with respect to their accuracy vs. PUC in patients with dyslipidaemia
receiving CETP inhibition in a randomized clinical trial. Our analysis
focuses on the LDL-C cutpoint of 1.8 mmol/L (70 mg/dL) due to its
importance in drug development and in clinical practice as reflected
in dyslipidaemia guidelines. While the aim of our analysis is to com-
pare LDL-C equations, we also examine non-high-density lipoprotein
cholesterol (non-HDL-C) and apolipoprotein B (apoB) levels, as these
are also important atherogenic lipid measures that are recognized by
clinical guidelines as risk factors and targets of therapy.1,2

Methods
Study design and participants
Details on the design of the Cholesterol Ester Transfer Protein Inhibition
by TA-8995 in Patients with Mild Dyslipidaemia (TULIP) trial have been
published previously.15 The trial protocol was registered on ClinicalTri-
als.gov (NCT01970215). TULIP was a 12-week randomised, double-blind,
placebo-controlled, parallel-group phase 2 trial. Men and women aged
18–75 years were recruited beginning in August 2013 through July 2014
from 17 sites, including hospitals and independent clinical research organ-
isations, in the Netherlands and Denmark.

Inclusion required a fasting LDL-C level of 2.5–4.5 mmol/L (97–174
mg/dL), HDL-C level of 0.8–1.8 mmol/L (31–70 mg/dL), and triglyceride
(TG) level <4.5 mmol/L (<400 mg/dL) after run-in or washout of lipid-
lowering drugs. Key exclusion criteria included clinical manifestations of
atherosclerotic vascular disease, type 1 diabetes, uncontrolled type 2
diabetes (haemoglobin A1c ≥8%), uncontrolled hypertension, history of
hyperaldosteronism, active muscle disease or persistent creatine kinase
>3 times the upper limit of normal, clinically significant renal or hepatic
dysfunction, or other clinically significant non-cardiac disease.

TULIP followed the ethical principles in the Declaration of Helsinki,
the International Conference on Harmonisation/Good Clinical Practice,
and appropriate regulatory requirements. The protocol was reviewed and
approved by the Institutional Review Board of each participating site and
each patient gave written informed consent.

Randomization and masking
In the original trial, each patient was randomly assigned (1:1) to receive one
of the following nine treatments: 1 mg, 2.5 mg, 5 mg, or 10 mg TA-8995
or matching placebo; 10 mg TA-8995 plus 20 mg atorvastatin, 10 mg TA-
8995 plus 10 mg rosuvastatin, 20 mg atorvastatin, or 10 mg rosuvastatin
alone. The present analysis was focused on patients who received CETP
inhibition with TA-8995 (obicetrapib). Over 12 weeks in the TULIP trial,
different doses of obicetrapib as monotherapy resulted in reductions in

PUC (beta quantification) measured LDL-C ranging 27.4–45.3% and apoB
ranging 20.0–33.7%, and increases in HDL-C ranging 75.8–179.0%.15

Procedures
Following a screening visit, patients entered a run-in phase lasting 6 weeks
if lipid-lowering treatment washout was needed or 4 weeks if no washout
was needed. Patients were instructed to take their assigned treatment
once daily with food for 12 weeks. Laboratory measurements were per-
formed on blood samples that were collected during visits at baseline
(week 0) and at weeks 4, 8, and 12. Of note, steady state in plasma with
TA-8955 is achieved in 7–14 days.16

Assays
Lipid measurements were performed at Medpace Reference Laboratories
(Cincinnati, OH), which participates in the College of American Pathol-
ogists (CAP) External Quality Control program (five surveys each year)
and the Lipid Standardization Program of the Centers of Disease Control
(CDC) quarterly to ensure accuracy and precision of measurements.
Analytical performances of lipid measures met guideline-established
benchmarks. Between-day inter-assay reproducibility coefficients of vari-
ation for total cholesterol, TG, and HDL-C were <1.10%, <2.25%, and
<3.41%, respectively.

Analysis of total cholesterol, TG, and HDL-C was by enzymatic meth-
ods on a Beckman Coulter AU Series automatic analyzer, with calibration
directly traceable to CDC reference procedures.17 For HDL-C, using
reference methodology, precipitation with 50 kDa dextran sulfate with
magnesium ions (MgCl2) was followed by analysis of the supernatant
for cholesterol. Non-HDL-C was calculated as total cholesterol minus
HDL-C, and apoB was measured by nephelometry.

Using total cholesterol, HDL-C, and TG values, LDL-C was calculated
by the Friedewald,18 Martin/Hopkins,19 and Sampson20 equations in pa-
tients with TG levels <4.5 mmol/L (<400 mg/dL). Friedewald LDL-C was
calculated as Total Cholesterol — HDL-C — TG/2.18 in mmol/L (TG/5
in mg/dL). Martin/Hopkins LDL-C was calculated as Total Cholesterol —
HDL-C — TG/adjustable factor, wherein the adjustable factor ranged
from 1.35–4.15 in mmol/L (3.1–9.5 in mg/dL). This adjustable factor is
personalized to the patient to account for heterogeneity in the ratio of
TG to VLDL-C. It is selected based on non-HDL-C and TG levels using
a lookup table algorithm that does not require dedicated measurement
of VLDL-C, with 174 possible factors in patients with TG levels <4.5
mmol/L (<400 mg/dL). Sampson LDL-C was calculated in mg/dL as total
cholesterol/0.948—HDL-C/0.971— (TG/8.56+ TG x non-HDL-C/2140
— TG2/16100) — 9.44, then converted to mmol/L.

Our reference LDL-C measure was PUC, also known as ‘beta-
quantification’. Centrifugation was performed at 40 000 rpm for 18–
22 hours at 10°C to separate very low-density lipoproteins (VLDL) and
chylomicrons into the supernatant (top fraction <1.006 density), and
LDL, IDL, Lp(a), and HDL into the infranatant (bottom fraction >1.006).
Apolipoprotein B containing lipoproteins were precipitated from whole
serum using 50 kDa dextran sulfate with magnesium ions, and then
cholesterol in the remaining HDL fraction was measured. HDL-C was
subtracted from infranatant cholesterol to determine the PUC LDL-C
value. Therefore, in accordance with the standard clinical definition of
LDL-C, PUC included the biologic LDL-C fraction, along with IDL-C and
Lp(a)-C.

Statistical analysis
The primary outcome was the difference in LDL-C levels (mmol/L
or mg/dL) of PUC subtracted from each equation. We evaluated the
5th, 25th, 50th (median), 75th, and 95th percentile differences. Based
on prior reports and dyslipidaemia guidelines, we stratified LDL-C
by < vs. ≥ 1.8 mmol/L (70 mg/dL) and < vs. ≥ 2.59 mmol/L (100
mg/dL), and TG as <1.7 mmol/L (<150 mg/dL) vs. 1.7–4.5 mmol/L
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Figure 1 TULIP trial profile and low-density lipoprotein cholesterol accuracy analysis population. The figure depicts the flow of patients through
the TULIP trial and the analysis population, which includes all available low-density lipoprotein cholesterol observations. Observations are defined
as blood samples with available standard lipid profile data to estimate low-density lipoprotein cholesterol and direct measurement of low-density
lipoprotein cholesterol by preparative ultracentrifugation. TULIP, TA-8995 in Patients with Mild Dyslipidaemia; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides.

(150–399 mg/dL). We evaluated the concordance of each equation
in classifying LDL-C levels compared with PUC. Additionally, we
created concordant and discordant groups based on comparison of
the Friedewald equation to each of the contemporary equations in
classifying LDL-C < vs. ≥ 1.8 mmol/L (70 mg/dL), and examined non-
HDL-C and apoB levels within groups. We also created waterfall plots
of differences in LDL-C equations vs. PUC. Analyses were conducted
using SAS version 9.4. The data underlying this article may be shared
on reasonable request to the first and last authors.

Role of the funding source
The funder was involved in designing the TULIP trial, and in collection,
management, and analysis of the data, in conjunction with the steering
committee. The initial draft of this report was prepared by SSM who
in collaboration with the other authors made the decision to submit
for publication. All authors attest to the accuracy and completeness
of the data and analyses.

Results
Study population demographics and
clinical characteristics
From August, 2013 to July, 2014, 364 patients were randomised and
received ≥1 dose of study treatment. Among these patients, we
excluded 122 patients because they were not treated with CETP
inhibition, including 81 patients in the two statin only arms, 40 patients
in the placebo-only arm, and 1 additional patient who was randomised
in error and never dosed with study drug, leaving 242 patients who
were included in the present analysis, contributing a total of 921 ob-
servations (see Figure 1). Table 1 summarizes baseline characteristics
of the present study population. Most were white men and the mean
age was 65 ± 7 years, which was similar to the overall TULIP trial
population. Baseline LDL-C levels were 3.53± 0.58 mmol/L (136± 22
mg/dL) by PUC, 3.58 ± 0.57 mmol/L (138 ± 22 mg/dL) by the
Friedewald equation, 3.61 ± 0.56 mmol/L (139 ± 22 mg/dL) by the
Martin/Hopkins equation, and 3.64 ± 0.57 mmol/L (141 ± 22 mg/dL)

by the Sampson equation. Median (25th–75th) TG levels at baseline
were 1.25 (0.95 to 1.71) mmol/L (111; 84 to 151 mg/dL). At week
4, 8, and 12, respectively, there were an additional 230, 228, and 223
observations; there were six values that were excluded for TG levels
of ≥4.5 mmol/L (400 mg/dL).

Absolute differences between
low-density lipoprotein cholesterol levels
In the overall study population, the differences between each LDL-C
estimate and PUC LDL-C were approximately normally distributed
and small in magnitude. Friedewald LDL-C showed a median differ-
ence of 0.00 (25th, 75th: −0.10, 0.08) mmol/L [0 (−4, 3) mg/dL],
Martin/Hopkins LDL-C a median difference of 0.02 (−0.08, 0.10)
mmol/L [1 (−3, 4) mg/dL], and Sampson LDL-C a median difference
of 0.05 (−0.03, 0.15) mmol/L [2 (−1, 6) mg/dL]. The full distribution
of differences between LDL-C estimates and PUC is shown in Figure 2.
Stratified by LDL-C and TG levels, larger differences were observed

between LDL-C estimates and PUC at lower concentrations of LDL-
C and higher concentrations of TG (Table 2). When LDL-C was
<1.8 mmol/L (<70 mg/dL) by the Friedewald equation, there was
a propensity for underestimation with a median (25th, 75th) LDL-C
difference vs. PUC of −0.25 (−0.33, −0.10) mmol/L [−10 (−13, −4)
mg/dL] in patients with TG levels of 1.7–4.5 mmol/L (150–399 mg/dL).
Martin/Hopkins corrected this issue with a median LDL-C difference
vs. PUC of 0.00 (−0.08, 0.10) mmol/L [0 (−3, 4) mg/dL] in patients
with estimated LDL-C <1.8 mmol/L (<70 mg/dL) and TG levels of
1.7–4.5 mmol/L (150–399 mg/dL). In contrast, there was tendency
towards underestimation using the Sampson equation, with a median
LDL-C difference vs. PUC of−0.06 (−0.13, 0.00) mmol/L [−2 (−5, 0)
mg/dL] in patients with estimated LDL-C <1.8 mmol/L (<70 mg/dL)
and TG levels of 1.7–4.5 mmol/L (150–399 mg/dL).
Considering the 2.59 mmol/L (100 mg/dL) cutpoint, a similar

pattern of findings was noted. In patients with Friedewald LDL-C
below this cutpoint and TG levels of 1.7–4.5 mmol/L (150–399
mg/dL), Friedewald LDL-C differed from PUC by a median of −0.20
(−0.31, −0.06) mmol/L [−8 (−12, −2) mg/dL]. When estimated
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Table 1 Baseline characteristics of the study population

Characteristic Total (N = 242)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 64.9 (7.0)
Sex

Women 42 (17.4%)
Men 200 (82.6%)

Body mass index, kg/m2 26.1 (2.8)
White Race/Ethnicity 237 (97.9%)
Smoking status

Current smoking 33 (13.6%)
Non-smoking 100 (41.3%)
Past smoking 109 (45.0%)

History of type 2 diabetes 3 (1.2%)
History of hypertension 45 (18.6%)
Systolic blood pressure, mmHg 134.1 (13.1)
Diastolic blood pressure, mmHg 79.1 (7.2)
Total cholesterol, mmol/L [mg/dL] 5.58 (0.70) [216 (27)]
HDL-C, mmol/L [mg/dL] 1.33 (0.26) [51 (10)]
Triglycerides, mmol/L [mg/dL] 1.25 (0.95, 1.71) [129 (64)]
LDL-C by Preparative Ultracentrifugation, mmol/L [mg/dL] 3.53 (0.58) [136 (22)]
LDL-C by Friedewald, mmol/L [mg/dL] 3.58 (0.57) [138 (22)]
LDL-C by Martin/Hopkins, mmol/L [mg/dL] 3.61 (0.56) [139 (22)]
LDL-C by Sampson, mmol/L [mg/dL] 3.64 (0.57) [141 (22)]
Non-HDL-C, mmol/L [mg/dL] 4.25 (0.68) [164 (26)]
Apolipoprotein B, g/L [mg/dL] 0.99 (0.17) [99 (17)]

Values are presented as mean (standard deviation), median (25th–75th) or n (%). Baseline was defined as the last measurement prior to the first dose of study drug. HDL-C =
high-density lipoprotein cholesterol. LDL-C = low-density lipoprotein cholesterol.

LDL-C was <2.6 mmol/L (<100 mg/dL) in patients with TG levels of
1.7–4.5 mmol/L (150–399 mg/dL), Martin/Hopkins LDL-C showed a
median LDL-C difference vs. PUC of 0.02 (−0.06, 0.15) mmol/L [1
(−2, 6) mg/dL] and Sampson showed a median LDL-C difference vs.
PUC of −0.03 (−0.11, 0.15) mmol/L [−1 (−4. 6) mg/dL].

Classification according to
guideline-based cutpoints
Overall, each of the equations showed high proportions of correct
classification across the 1.8 mmol/L (70 mg/dL) LDL-C cutpoint: 94.1%
for Friedewald, 95.4% for Martin/Hopkins, and 95.5% for Sampson.
However, these high levels of correct classification were in the context
of largely well controlled TG levels in the population. In patients
with TG levels of 1.7–4.5 mmol/L (150–399 mg/dL), Figure 3 shows
the proportion of LDL-C levels classified by the equations as < or
≥1.8 mmol/L (< or ≥70 mg/dL) that were correctly classified when
compared with PUC. In those with estimated LDL-C <1.8 mmol/L
(<70 mg/dL) and TG levels of 1.7–4.5 mmol/L (150–399 mg/dL),
the proportion of correct classifications by Friedewald was markedly
lower at 71.4% compared with 100.0% by Martin/Hopkins and 93.1%
by Sampson. In contrast, all three equations showed >95% accu-
racy when estimated LDL-C levels were ≥1.8 mmol/L (≥70 mg/dL).
For the 2.6 mmol/L (100 mg/dL) LDL-C cutpoint, underestimation
by the Friedewald equation in the group with TG levels of 1.7–4.5
mmol/L (150–399mg/dL) was again observed, though less than for the
1.8 mmol/L (70 mg/dL) cutpoint, and a similar pattern of improvement
with Martin/Hopkins and Sampson was observed.

Non-high-density lipoprotein cholesterol
& apolipoprotein B levels in the presence
of low-density lipoprotein cholesterol
discordance
Non-HDL-C and apoB levels were higher when LDL-C was dis-
cordantly elevated by the Martin/Hopkins or Sampson equation
compared with the Friedewald equation. In patients with LDL-
C <1.8 mmol/L (<70 mg/dL) by the Friedewald equation but
≥1.8 mmol/L (≥70 mg/dL) by the Martin/Hopkins equation (n = 27),
the mean non-HDL-C level was 2.58 (0.27) mmol/L [100 (10) mg/dL]
as compared with 1.70 (0.40) mmol/L [66 (15) mg/dL] when the
equations were concordantly <1.8 mmol/L (<70 mg/dL) (n = 339).
ApoB levels were 66 (6) mg/dL when the Martin/Hopkins equation
was discordantly elevated and 53 (9) mg/dL when the Martin/Hopkins
and Friedewald equations were both <1.8 mmol/L (<70 mg/dL). Sim-
ilarly, when LDL-C was <1.8 mmol/L (<70 mg/dL) by the Friedewald
equation but ≥1.8 mmol/L (≥70 mg/dL) by the Sampson equation
(n = 36), the mean non-HDL-C level was 2.44 (0.29) mmol/L [94
(11) mg/dL] as compared with 1.69 (0.40) mmol/L [65 (15) mg/dL]
when the equations were concordantly <1.8 mmol/L (<70 mg/dL) (n
= 330). ApoB levels were 65 (7) mg/dL when the Sampson equation
was discordantly elevated and 53 (9) mg/dL when the Sampson and
Friedewald equations were both <1.8 mmol/L (<70 mg/dL).

Discussion
In 242 CETP inhibitor-treated TULIP trial participants with dys-
lipidaemia contributing 921 lipid observations, we compared the
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Figure 2 Waterfall plot of differences between low-density lipoprotein cholesterol estimates and preparative ultracentrifugation. Differences
are shown in mmol/L overall for each low-density lipoprotein cholesterol equation and in subgroups with estimated low-density lipoprotein
cholesterol <1.8 mmol/L (<70 mg/dL) and triglyceride levels 1.7–4.5 mmol/L (150–399 mg/dL). Difference in low-density lipoprotein cholesterol
vs. preparative ultracentrifugation = (low-density lipoprotein cholesterol by specified equation method)—(low-density lipoprotein cholesterol by
preparative ultracentrifugation). PUC, preparative ultracentrifugation; LDL-C, low-density lipoprotein cholesterol.

Friedewald, Martin/Hopkins, and Sampson equations using the gold
standard reference measure for LDL-C of PUC. The TULIP trial pre-
sented an opportunity to evaluate existing LDL-C equations not only
as a confirmatory experiment using rigorous determinations of LDL-C
via PUC, but also as a dedicated follow up to questions of LDL-C
accuracy in the setting of CETP inhibition. In comparing our findings
with prior literature,19,21–33 we find further confirmation of the im-
provement in LDL-C accuracy using contemporary LDL-C equations
over the Friedewald equation, particularly the Martin/Hopkins equa-
tion. High LDL-C accuracy can be achieved even in the context of
CETP inhibition, and our data are consistent with accuracy depending
more on the equation, and lipid profile, than drug therapy. Even in
the context of TG elevation, Martin/Hopkins estimated LDL-C <1.8
mmol/L (<70 mg/dL) was 100% correct in comparison with PUC.
As the TULIP trial was conducted in the Netherlands and Denmark,
these data are particularly valuable to inform future clinical trials,
guidelines, and practice in Europe.
A previous analysis of the DEFINE trial raised the possibility that

LDL-C estimation by the Friedewald equation and direct detergent-
based methods for measuring LDL-C could both be inaccurate in the
setting of CETP inhibitor use.12 The analysis of 280 patients found that
after 24 weeks of treatment with anacetrapib the Friedewald equation
underestimated LDL-C compared with the beta-quantification refer-
ence method by a mean of −12.2 ± 7.5 mg/dL, which is a finding
compatible with the present analysis. Furthermore, the DEFINE anal-
ysis found that two detergent-based methods for measuring LDL-C
by Roche and Genzyme differed from beta-quantification by a mean
of −10.2 ± 6.6 and −10.8 ± 8.8 mg/dl, respectively. Considering
the greater accuracy achieved with contemporary LDL-C equations
in the present analysis, it seems most likely that the underestimation

by the direct detergent-based methods reflects their inherent inaccu-
racy. Detergent-based assays to measure LDL-C each use proprietary
chemicals in an attempt to block non-LDL lipoproteins, but their
performance is not well-validated and multiple prior analyses have
raised accuracy concerns.33–35 Therefore, our data provide reassur-
ance with respect to LDL-C assessment in the context of CETP
inhibition, and support contemporary LDL-C equations rather than
detergent-based methods. These data will inform ongoing CETP in-
hibitor development, including obicetrapib, which can lower LDL-C
by 51% from baseline on top of high-intensity statins and is entering
phase III development.13,14

The present TULIP data are in line with prior literature in demon-
strating that while the Friedewald equation overall provides high
accuracy, the accuracy breaks down in the context of lower LDL-C
levels and elevated TG levels.9–11,19–21 The elevation in TG levels does
not need to reach ≥400 mg/dL for the Friedewald equation to lose
accuracy as conventionally thought, rather clinically relevant under-
estimation of LDL-C can occur with moderately elevated TG levels.
This is consistent with the TG-estimated portion of the Friedewald
equation assuming a relatively larger portion of the equation as LDL-C
levels decrease into the modern treatment range. The phenomenon
of underestimation is not unexpected as Friedewald and colleagues
noted in their original paper18 that division of TG levels by the fixed
factor does not yield a very accurate estimate of VLDL-C (which is
subtracted in the equation to calculate LDL-C), but inaccuracy was
tolerable at the time as it was a relatively small portion of the equation
in a time that preceded the availability of statins or other modern lipid
therapeutics.
The major clinical concern in current practice is that underestima-

tion of LDL-C levels will lead to underuse of lipid lowering therapy.
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Table 2 Differences in estimated LDL-C by various methods compared with LDL-C by preparative
ultracentrifugation, stratified by LDL-C, and triglyceride levels

Difference in estimated LDL-C vs. PUC,
Median (25, 75th percentile), mmol/L [mg/dL]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Triglycerides Triglycerides
<1.7 mmol/L 1.7–4.5 mmol/L
[<150 mg/dL] [150–399 mg/dL]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LDL-C by Friedewald, <1.8 mmol/L (<70 mg/dL), N’ 324 42
−0.05 (−0.13, 0.03) mmol/L −0.25 (−0.33, −0.10) mmol/L

[−2 (−5, 1) mg/dL] [−10 (−13, −4) mg/dL]
LDL-C by Friedewald, ≥1.8 mmol/L (≥70 mg/dL), N’ 464 91

0.03 (−0.07, 0.11) mmol/L 0.00 (−0.16, 0.15) mmol/L
[1 (−3, 4) mg/dL] [0 (−6, 6) mg/dL]

LDL-C by Friedewald, Overall, N’ 788 133
0.0 (−0.08, 0.08) mmol/L −0.08 (−0.24, 0.08) mmol/L

[0 (−3, 3) mg/dL] [−3 (−9, 3) mg/dL]
LDL-C by Martin/Hopkins, <1.8 mmol/L (<70 mg/dL), N’ 318 26

−0.03 (−0.11, 0.05) mmol/L 0.00 (−0.08, 0.10) mmol/L
[−1 (−4, 2) mg/dL] [0 (−3, 4) mg/dL]

LDL-C by Martin/Hopkins, ≥1.8 mmol/L (≥70 mg/dL), N’ 470 107
0.02 (−0.08, 0.10) mmol/L 0.15 (0.02, 0.28) mmol/L

[1 (−3, 4) mg/dL] [6 (1, 11) mg/dL]
LDL-C by Martin/Hopkins, Overall, N’ 788 133

0.00 (−0.08, 0.08) mmol/L 0.12 (0.00, 0.26) mmol/L
[0 (−3, 3) mg/dL] [5 (0, 10) mg/dL]

LDL-C by Sampson, <1.8 mmol/L (<70 mg/dL), N’ 302 29
0.02 (−0.06, 0.10) mmol/L −0.06 (−0.13, 0.00) mmol/L

[1 (−2, 4) mg/dL] [−2 (−5, 0) mg/dL]
LDL-C by Sampson, ≥1.8 mmol/L (≥70 mg/dL), N’ 486 104

0.10 (0.00, 0.16) mmol/L 0.08 (−0.02, 0.23) mmol/L
[4 (0, 6) mg/dL] [3 (−1, 9) mg/dL]

LDL-C by Sampson, Overall, N’ 788 133
0.05 (−0.03, 0.15) mmol/L 0.05 (−0.08, 0.20) mmol/L

[2 (−1, 6) mg/dL] [2 (−3, 8) mg/dL]

Difference in LDL-C vs. PUC = (LDL-C by specified equation) — (LDL-C by PUC). N’ = number of records in the double-blind treatment period with an LDL-C
measurement by preparative ultracentrifugation and specified LDL-C equation. LDL–C = low–density lipoprotein cholesterol.

Clinicians and patients rely on the clinical laboratory results to guide
decisions about initiation or intensification of guideline-directed medi-
cal therapy to lower LDL-C and reduce atherosclerotic cardiovascular
disease events. Therefore, underestimation will result in missed op-
portunities for prevention, whereas more accurate LDL-C assessment
can lead to appropriate use of established therapies, such as lifestyle
modification, statins, ezetimibe, and PCSK9 inhibitors, to improve
clinical outcomes.1,2,5 Further validating the importance of differences
between LDL-C equations, our analysis showed that non-HDL-C and
apoB levels were higher in groups with LDL-C that was discordantly
higher using the Martin/Hopkins or Sampson equation, as compared
with the Friedewald equation. Therefore, use of contemporary LDL-C
equations may not only improve accuracy of LDL-C, but has the
potential to direct treatment to more individuals who carry residual
risk related to non-HDL-C and apoB.
Whereas the Friedewald equation uses a one-size-fits-all approach

to divide TG levels by a factor of 2.2 in mmol/L units or 5 in
mg/dL units, the Martin/Hopkins and Sampson equations allow for

more tailoring of LDL-C estimation. In the case of the Martin/
Hopkins equation it is a lookup table approach and in the case of the
Sampson equation it is a biavariate equation. Although both contem-
porary equations resulted in improved accuracy in our analysis, the
Martin/Hopkins equation showed unique advantages. Furthermore, it
has been more extensively validated and is recommended by guide-
lines and expert recommendations around the globe, such as those
of the National Lipid Association,10 the American Heart Association/
American College of Cardiology,2 the European Atherosclerosis So-
ciety/European Federation of Clinical Chemistry and Laboratory
Medicine,9 the Polish Lipid Association,7 and the Brazilian Society of
Cardiology.11 The Martin/Hopkins equation is free and open source.
Some limitations of our analysis warrant consideration. First, the

TULIP trial participants were predominantly men and of White race,
therefore they do not represent the diversity of patients seen in
day-to-day clinical practice, and generalizability may be limited in this
respect. Nevertheless, prior literature with greater representation
of women and individuals of non-White race is consistent with the
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Figure 3 Proportion of low-density lipoprotein cholesterol levels
classified by the equations as < or ≥1.8 mmol/L (70 mg/dL) that
were correctly classified when compared with preparative ultra-
centrifugation in patients with triglyceride levels of 1.7–4.5 mmol/L
(150–399 mg/dL). N’ = number of records in the double-blind
treatment period with an LDL-C measurement by preparative ul-
tracentrifugation and Friedewald, for the given category. LDL-C,
low-density lipoprotein; PUC, preparative ultracentrifugation.

findings of this study.19,26,27,29 Second, the participants in our analysis
had LDL-C levels on the higher side and TG levels that were largely
well controlled, characteristics which would bias the analysis towards
more conservative findings (less difference between equations). A
recent large-scale analysis showed larger advantages of the Martin/
Hopkins vs Sampson and Friedewald equations in patients with TG
levels >4.5 mmol/L (≥400 mg/dL), especially at low LDL-C.32 Third,
participants were all fasting, which would not be the case in rou-
tine clinical practice, especially given recent recommendations for
flexibility with respect to fasting status,9,11 and would further bias
the analysis towards more conservative findings. It has been shown
previously that the Friedewald equation is even more prone to under-
estimation in non-fasting lipid samples whereas the Martin/Hopkins
equation preserves accuracy in this setting.28 Fourth, participants did
not have a history of ASCVD events and did not have LDL-C managed
down to very high risk LDL-C goals of 1.42 or 1.03 mmol/L (<55 or
<40 mg/dL) as recommended in recent guidelines.1 However, a prior
analysis of PCSK9 inhibitor patients with ASCVD in the FOURIER
trial showed underestimation of LDL-C by the Friedewald equation
at LDL-C levels <1.03 mmol/L (<40 mg/dL) and strong agreement
of the Martin/Hopkins equation with PUC LDL-C in this range.27

FOURIER also showed reduction in ASCVD risk down to LDL-C
levels <0.26 mmol/L (<10 mg/dL),36 highlighting the importance of
accuracy in LDL-C assessment at very low LDL-C.
In conclusion, in Europeans with dyslipidaemia receiving CETP in-

hibitor therapy, our analysis shows improved accuracy in LDL-C when
using contemporary LDL-C equations over the Friedewald equation.
High levels of accuracy compared to gold standard preparative ultra-
centrifugation were observed using the Martin/Hopkins and Sampson
equations, even in the context of LDL-C <1.8 mmol/L (<70 mg/dL)
and TG levels of 1.7–4.5 mmol/L, and the Martin/Hopkins equation
delivered the best results. These findings add to the body of evidence
on approaches to LDL-C determination and can inform clinical trials
and practice moving forward.
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