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A Modified Sampson-NIH Equation with Improved
Accuracy for Estimating Low Levels of Low-Density
Lipoprotein-Cholesterol
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BACKGROUND:  Cardiovascular guidelines have long re-
commended low-density lipoprotein-cholesterol (LDL-
C) as the primary target for lipid-lowering therapy.
Recent guidelines have emphasized the importance of
achieving low LDL-C levels; hence, the accurate meas-
urement of low LDL-C is increasingly clinically relevant.

METHODS:  Using lipid panel test results from the Mayo
Clinic (n =24 590) and the FOURIER clinical trial of evo-
locumab (n = 9605), the following modified Sampson equa-
tion was developed by least-squares regression to match
LDL-C (mg/dL) by the B-quantification reference method,
by combining terms into non High Density Lipoprotein
Cholesterol  (nonHDLC =Total Cholesterol — High
Density Lipoprotein Cholesterol) and forcing the coefficient
to be one:
G

modified Sampson LDLC = nonHDLC — 33

(TG x nonHDLC) TG?
2640 17 400
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RESULTS: The modified Sampson equation demonstrated
significant improvement in its concordance to the reference
method compared to other equations (the Lin
Concordance Correlation Coefficient 0.992, P< 0.001).
By overall kappa analysis, it showed the best agreement to
the reference method at the 55 mg/dL cutpoint
(1.4 mmol/L, 0.98 [P<0.001], Sampson—-NIH: 0.96,
Martin—Hopkins:  0.96, Friedewald: 0.94) and the
70 mg/dL cutpoint (1.8 mmol/L, 0.97 [P<0.001],
Sampson-NIH: ~ 0.94,  Martin—-Hopkins: ~ 0.95,
Friedewald: 0.92). The false classification rate of the modi-
fied Sampson equation was also significantly lower com-
pared to the other equations at 55 mg/dL (15%,
[°<0.001], Sampson—-NIH: 29%, Martin—-Hopkins:
28%, Friedewald: 37%) and 70 mg/dL (18%,
[°<0.001]; Sampson-NIH: 30%, Martin—-Hopkins:
28.%, Friedewald: 34%). The new equation increases the
percentage of correctly classified patients with low LDL-
C by approximately 10% to 20% over the other equations
based on its net reclassification index.

coNcLusioNs:  The modified Sampson equation shows
improved accuracy compared to other equations for low
LDL-C. It more accurately identifies high-risk patients,
who are not at their LDL-C goals and could benefit from
more intensive lipid-lowering therapy.

Introduction

Low-density lipoprotein cholesterol (LDL-C) has long
been endorsed by cardiovascular guidelines as a key bio-
marker for atherosclerotic cardiovascular disease
(ASCVD) risk assessment. The 2018 US multi-society
guidelines (1) also recommended LDL-C as an aid in
clinical management. In high-risk individuals, the strat-
egy is to reduce LDL-C by >50%. For very high-risk pa-
tients (secondary prevention and patients with diabetes),
a threshold of 70 mg/dL (1.8 mmol/L) is used to con-
sider adding other lipid-lowering therapies on top of sta-
tins. In case of severe primary hypercholesterolemia
(LDL-C >190 mg/dL, [>4.9 mmol/L]), if LDL-C le-
vels remain >100 mg/dL (2.6 mmol/L) on high-
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intensity statins, adding ezetimibe should be considered.
More recent recommendations from the United States
(2) and Europe (3) have proposed even lower LDL-C
thresholds, namely 70 mg/dL (1.8 mmol/L) for high-
risk and 55 mg/dL (1.4 mmol//L) for very high-risk in-
dividuals, based on evidence that more aggressive
LDL-C lowering is both safe and effective (4, 5). For
ASCVD patients who experience a second vascular event
within 2 years, an even lower LDL-C goal of <40 mg/dL
(1 mmol/L) should be considered, according to
European guidelines (3). The development of new
lipid-lowering drugs like inhibitors for proprotein con-
vertase subtilisin-kexin type 9 (PCSK9i) has provided
new treatment options that now make it possible to
achieve these very low concentrations of LDL-C (6).
This has made the accurate measurement of low
LDL-C critical in the care of patients and for determin-
ing eligibility for insurance coverage of the new
lipid-lowering medications (7).

The two most widely used methods for LDL-C (8)
are direct (homogenous) assays or equations for calculat-
ing LDL-C based on the results of the standard lipid panel
(total cholesterol [TC], triglycerides [TG], and high-
density lipoprotein cholesterol [HDL-C]). Although dir-
ect HDL-C assays are routinely used by most clinical la-
boratories, direct LDL-C assays are not as widely used,
particularly by smaller laboratories and by point-of-care
devices. The analytical limitations of some direct
LDL-C assays (9, 10) and their extra expense compared
to a free calculation have limited their utilization.

Unitil recently, LDL-C was almost exclusively calcu-
lated by the Friedewald (F) equation (LDL-C=TC -
HDL-C—-TG/5), which subtracts HDL-C and estimated
cholesterol on very low-density lipoproteins (VLDL-C =
TG/5) from TC (11). In 2013, the Martin—-Hopkins (M)
equation was developed and shown to be more accurate
than the F-equation (12). The two equations are nearly
identical except for the use of a variable factor by the
M-equation for dividing TG. This factor varies, depend-
ing on the TG and nonHDL-C level, and was empirically
determined by the vertical auto profile (VAP) ultracentri-
fugation method (13). In 2020, the Sampson-NIH (S)
equation (14) was developed by least-squares regression
analysis to match the B-quantification (BQ) reference
method for LDL-C (15), which is used by regulatory
agencies throughout the world to standardize routine as-
says for LDL-C. The BQ method, like the VAP method,
utilizes ultracentrifugation to separate lipoproteins, but
also an LDL precipitation step (16). The VAP method,
however, under-recovers VLDL-C on hypertriglyceri-
demic samples compared to the BQ method (13, 17).
The S-equation is in the form of a bivariate
(nonHDL-C and TG) quadratic equation and was shown
to be more accurate than other LDL-C equations, espe-
cially on hypertriglyceridemic samples (14, 18-21).
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Recently, the enhanced Sampson (eS) equation (19)
was reported to be the most accurate estimation method.
It incorporates apolipoprotein B (apoB) as an independ-
ent variable along with the standard lipid panel. This
equation was specifically developed to improve LDL-C
estimation in cases with atypical lipoprotein profiles,
such as dysbetalipoproteinemia, where standard equa-
tions are unreliable and additional laboratory testing
with apoB is required (19).

Given the growing importance of accurately esti-
mating low LDL-C in the clinical management of pa-
tients (5), we investigated if we could improve upon
the accuracy of the S-equation by including more test re-
sults from patients with low LDL-C. Using a combined
database of BQ LDL-C results from the Mayo Clinic
and the FOURIER cdlinical trial of the PCSK9i evolocu-
mab (6, 22), we describe here a modified S-equation
(mS) based on the lipid panel. It has improved accuracy
for low LDL-C, while still maintaining good perform-
ance throughout the rest of the LDL-C range.

Materials and Methods

Deidentified lipid panel tests, BQ-derived LDL-C, and
apoB from patents, for whom these tests were ordered
for routine care at the Mayo Clinic, were used for analysis
(n =24, 590, median LDL-C 116 mg/dL [3 mmol/L], in-
ter quartile range [IQR] 90-146 mg/dL, [2.5-3.77 mmol/
L]) (23). The treatment status of these patients was not
available. The same lipid tests (n = 9605, median LDL-C
24 mg/dL [0.62 mmol/L], IQR 16-32 mg/dL, [0.41-
0.82 mmol/L]) from the treatment arm of the FOURIER
clinical trial were also utilized (6). Samples with TG above
3000 mg/dL (33.9 mmol/L) (n = 39), BQ LDL-C <1 mg/
dL (0.02 mmol/L) (n=17), or dysbetalipoproteinemia
(TG 150-1000 mg/dL. [1.7-11.3 mmol/L] and BQ
VLDL-C/TG >0.3, n=116) were excluded to prevent
skewing model performance, as these lipoprotein profiles re-
quire specialized approaches not generalizable to broader
populations. The combined data set was randomly divided
into half to create training and validation data sets. To con-
vert to SI units from mg/dL to mmol/L, divide the results
for TC, LDL-C, and nonHDL-C by 38.67; for triglyceride,
divide by 88.57.

The following mS-equation was established with
the training data set by least-squares regression analysis,
using BQ LDL-C as the dependent variable to calculate
in mg/dL:

TG
modified Sampson LDLC = nonHDLC — 337
(TG X nonHDLC) 7G>

2640 * 17400
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Regression error characteristic (REC) analysis (24) was
performed as previously described. Agreement between
the various LDL-C equations with BQ LDL-C for clas-
sifying patients at different LDL-C cutpoints (+10 mg/
dL [0.25 mmol/L] around cutpoint) was determined in
the validation data set by kappa analysis (25 ). LDL-C
was calculated as per the original equation descriptions,
and for the M-equation the extended panel of factors for
hypertriglyceridemic samples was used (11, 12, 14, 19,
26). All analysis was done with JMP software, R soft-
ware, or with Excel. An Excel spreadsheet for calculating
LDL-C by the various equations in either mg/dL or
mmol/L can be downloaded at the following website:
https://doi.org/10.6084/m9.figshare.28557038.  The
analysis of deidentified laboratory test results in this
study was considered nonhuman subject research. A
more detailed description of the methods can be found
in the supplement.

Results

The median BQ LDL-C value for the combined database
used in this study was 96 mg/dL (2.5 mmol/L), with
35% of LDL-C results below 70 mg/dL (1.8 mmol/L)
(online Supplemental Table 1). In Fig. 1A, we examined
how well the original S-equation compared against BQ
LDL-C in the validation data set. A close linear relation-
ship was observed, but as can be seen by the TG percentile
color code for each data point, the greatest deviations
(both high and low) from BQ LDL-C occur when TG
is elevated.

In the development of the modified equation, we first
simplified the independent variables in the S-equation by
eliminating the individual terms for TC and HDL-C, by
combining them as nonHDL-C (nonHDL-C=TC -
HDL-C) and forcing its coefficient to be one. We forced
the intercept to zero. These changes were made to better
align with the known distribution of cholesterol in the dif-
ferent major lipoprotein fractions. The other terms in the
mS-equation (TG, TG X nonHDL-C, and TG?), as in
the S-equation, estimate the amount of cholesterol in lipo-
protein fractions besides LDL and lipoprotein (a) [Lp(a)],
which includes VLDL, chylomicrons and their remnants,
but will simply be referred to here as VLDL-C. The coef-
ficients for these 3 terms in the mS-equation were fitted by
least-squares regression analysis (Fig. 1B), using the train-
ing data set, and tested in the validation data set. Despite
having the same R as the S-equation, there was a small
improvement in the root means square error score for
the mS-equation (7.2 vs 6.9). It also had a statistically
stronger fit to BQ LDL-C as determined by the F-test
(P<0.001). When only those samples with BQ LDL-C
<130 mg/dL (3.36 mmol/L) (n= 12 461) were analyzed
(Fig. 1C and D), the mS-equation showed a slightly

stronger fit to the BQ method than did the S-equation.
The inclusion of higher-order mathematical terms into
the mS-equation, containing various combinations of
the independent variables, did not further improve its fit.

We next examined the cumulative error distribu-
tion for the equations by REC plot analysis. A log scale
for the x-axis was used to more closely examine small dif-
ferences between the original and modified equations
(Fig. 2A). At error limits of 15% or less, the
mS-equation produced LDL-C results that more closely
matched BQ LDL-C than the original S-equation. An
even greater improvement for the mS-equation was ob-
served in the REC plots when we restricted the analysis
to LDL <130 mg/dL (3.36 mmol/L) (Fig. 2B) or to TG
>400 mg/dL (4.5 mmol/L) (Fig. 2C). A direct compari-
son of the two equations (Fig. 2D) showed a very close
correlation, but the mS-equation tended to result in
higher LDL-C values for hypertriglyceridemic samples.
The mS-equation also showed a statistically higher
Lin’s concordance correlation coefficient (CCC) to
BQ LDL-C than the S-equation or the other commonly
used LDL-C equations (online Supplemental Table 2).

We next analyzed the mean bias of the various equa-
tions for increasing intervals of TG (Table 1). At the 45 to
65 mg/dL (1.16 to 1.68 mmol/L) interval, which encom-
passes the 55 mg/dL (1.4 mmol/L) cutpoint, the
mS-equation showed a nonsignificant difference from
the BQ method (0.01 mg/dL [0.0002 mmol/L]; 95%
CI, —0.50-0.53 mg/dL, P=0.9623), even after adjust-
ing across TG levels (bias from —0.36 to 1.2 mg/dL, P
=0.3507). At this same interval, the M-equation also
had a nonsignificant bias from the BQ method
(=0.62 mg/dL [0.016 mmol/L]; 95% CI, —1.29-0.04
mg/dL, P=0.0668) (Table 1). However, this was a result
of a negative bias at low TG and positive bias at high TG
(=3.8 to 17.3 mg/dL), which cancelled each other out.
After adjustment by TG, the M-equation did show a sig-
nificant difference from the BQ method (2 < 0.0001). At
the 180 to 200 mg/dL (4.65 to 5.17 mmol/L) interval, all
the equations showed a similar bias (—=1.27 to —3.7 mg/
dL [-0.03 to 0.1 mmol/L]) (Table 1).

In Fig. 3A, we plotted the mean LDL-C bias for the
mS-equation. It was approximately zero across almost
the entire TG range. The mean bias line for the original
S-equation was also relatively flat and slightly below
zero, but it did start to show a small negative bias for
TG intervals greater than 400 mg/dL (4.5 mmol/L).
In contrast, the F-equation showed a strong mean nega-
tive bias with increasing TG intervals. The M-equation
started out with a small negative bias for low TG inter-
vals but a strong positive bias for high TG intervals.
Because mean bias is not affected by the variance of
the estimate, we also calculated the mean absolute differ-
ence (MAD) from the BQ method (Fig. 3B). All the

equations showed an increase in their MAD scores
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Fig. 1. Correlation of BQ LDL-C with current and modified equations. Least-squares regression is shown
for the entire range of results between LDL-C measured by the B-quantification reference method (BQ
LDL-C) (validation set n=17 010) and Sampson LDL-C (S LDL-C panel A) and modified Sampson LDL-C
(mS LDL-C panel B), and for results with BQ LDL-C <130 mg/dL (n =12 461) with S LDL-C (panel C) and
mS LDL-C (panel D). Results are colored by TG. Equation and parameters are shown in panel B. The solid
black line is the regression line. The dashed black line is the line of identity. To convert to Sl units from mg/
dL to mmol/L, divide the results for TC, LDL-C, and nonHDL-C by 38.67; for triglyceride, divide by 88.57.

with increasing TG intervals, but the mS-equation was
the least adversely affected. This occurs because hypertri-
glyceridemia increases the variance of the predicted
LDL-C results, which can be seen in the residual error
plots (online Supplemental Fig. 1). For nonHDL-C in-
tervals, the mS-equation also had a mean bias close to
zero, except for the highest and lowest nonHDL-C in-
tervals (Fig. 3C). All other equations started out with

4 Clinical Chemistry 00:0 (2025)

a negative mean LDL-C bias (3 to 7 mg/dL [0.077 to
0.18 mmol/L]) at low nonHDL-C intervals, which
then decreased as nonHDL-C increased. In the case of
the M-equation, it turned into a positive mean bias.
Based on MAD scores, the mS-equation showed the
smallest decrease in its accuracy as nonHDL-C in-
creased, but the MAD scores for all the equations started
to converge at higher nonHDL-C intervals (Fig. 3D).
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Fig. 2. Comparison between original and modified equations. Panels A to C show regression error char-
acteristic curves on a logarithmic scale for the original LDL-C equation (triangle) vs the modified LDL-C
equation (circle) using B-quantification as the reference method for S LDL-C in the full validation data set
(n=17 010, panel A), for BQ LDL-C <130 mg/dL (n = 12 461, panel B), or for TG >400 mg/dL (n = 662, pa-
nel C). Panel D show regression against the modified equation with the original equation (n=17 010).
Results are colored by TG. The solid black line is the regression line. The dashed black line is the line of
identity. To convert to Sl units from mg/dL to mmol/L, divide the results for TC, LDL-C, and nonHDL-C

We also calculated the mean LDL-C bias and MAD
scores by LDL-C intervals and included the recom-
mended bias limit of 4% (27) for LDL-C (gray zone)
in these graphs. For LDL-C intervals between 50 and
150 mg/dL (1.29 and 3.87 mmol/L), the mS-equation
was the most accurate (Fig. 3E). It had a mean bias of
only —0.13 mg/dL (0.003 mmol/L) (95% CI, —0.26—
0.01 mg/dL, P value = 0.0713), which was not statistic-
ally different from BQ LDL-C (Table 1). Based on
MAD scores (Fig. 3F), the mS-equation also showed

the best accuracy of 4.83 mg/dL (95% CI 4.66-4.99
mg/dL, P value <0.0001), but for LDL-C values below
40 mg/dL (1.03 mmol/L) it exceeded the recommended
4% (1.6 mg/dL [0.04 mmol/L]) bias limit (gray zone).
The 4% bias limit, however, becomes an unrealistic tar-
get and less clinically relevant at low LDL-C values. The
other LDL-C equations showed an even larger mean bias
and MAD scores at these low LDL-C values, particularly
the F-equation. At the highest LDL-C interval
(>300 mg/dL [7.75 mmol/L]), the mS-equation did
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Fig. 3. Accuracy of various equations for LDL-C. Bias and mean absolute deviation (MAD) score from
B-quantification LDL-C from the validation data set with results limited to TG <800 mg/dL (n =16 838)
is shown for Sampson (S purple Triangle), modified Sampson (mS red circle), Martin (M light blue
Square) and the Friedewald (F green Diamond) equations, for the indicated triglyceride (TG) intervals (pa-
nel A [bias] and B [MAD]). The inset shows a close-up for low TG samples. Bias and MAD score are shown
for S (triangle), mS (circle), M (square), and F (diamond), for the indicated non-high-density lipoprotein
cholesterol (nonHDL-C) intervals (panel C [bias] and D [MAD]). The inset shows a close-up for low
nonHDL-C samples. Bias and MAD score are shown for S (triangle), mS (circle), M (square) and F (diamond),
for the indicated low-density lipoprotein cholesterol (LDL-C) intervals (panel E [bias] and F [MAD]). The in-
set shows a close-up for low LDL-C samples. The gray zone indicates 4% allowable bias calculated at the
end point of each interval. To convert to Sl units from mg/dL to mmol/L, divide the results for TC, LDL-C,
and nonHDL-C by 38.67; for triglyceride, divide by 88.57.

Clinical Chemistry 00:0 (2025)

7

620z AINF 60 UO J8SN S8IAISS UONBWIOMU| X0 | M AQ 9856 | /S L0SBAU/WSYIUID/SE0 L 0 | /I0P/3|21MB-00UBAPE/WSYDUI0/WOo9 dno olwapede//:sdjy Wol) papeojumod



0.8,

0.74

0.6

0.54

0.44

0.3

Kappa score

0.489 - S
0.535 -e- mS
0.413 - F
0.457 =+ M

0.24

0.14

0.0
0

50 100 150 200 250
BQ LDL-C cutoff (mg/dL)

False low results (%)

BQ LDL-C cutoff (mg/dL)

0 50 100 150 200 250

8 8 & &

False Classification Rate (%)
8

100 150 200 250
BQ LDL-C cutoff (mg/dL)

O
®

False high results (%)

0 50 100 150 200 250
BQ LDL-C cutoff (mg/dL)

Fig. 4. Comparison of kappa scores and false results between equations. The validation data set, with re-
sults limited to TG <800 mg/dL and BQ LDL-C limited to <250 (n = 16 683), was used to compare equa-
tions. A moving interval of 20 mg/dL was created every 5 mg/dL, from 15 mg/dL (5 to 25 mg/dL) to
240 mg/dL (230 to 250 mg/dL) to compare classification with BQ LDL-C to S (triangle), mS (circle), F (dia-
mond), and M (square). Panel A is kappa score, panel B is false classification rate, panel C is percentage of
falsely low results, and panel D is percentage of falsely high results. Dashed black lines highlight common
decision level cutpoints of 55 and 70 mg/dL. To convert to Sl units from mg/dL to mmol/L, divide the re-
sults for TC, LDL-C, and nonHDL-C by 38.67; for triglyceride, divide by 88.57.

show a higher mean (negative) bias and higher MAD
score than the other equations.

Because LDL-C is used in a dichotomous manner
in making clinical decisions, we compared the kappa
scores for the various equations for their concordance
with BQ LDL-C at multiple cutpoints, each with a
+10mg/dL  (0.25 mmol/L) interval around it
(Fig. 4A). Using area under the curve (AUC) as a metric,
the best equation across all LDL-C intervals was the
mS-equation (AUC: 0.535). As an alternative to the
kappa score, we also examined the false classification

rate (FCR) when compared to BQ LDL-C (Fig. 4B),

8 Clinical Chemistry 00:0 (2025)

which was also categorized as either being a falsely low
(Fig. 4C) or falsely high (Fig. 4D). The relative accuracy
of the various equations by this approach is the same as
for kappa analysis, but it provides additional informa-
tion, such as the exact frequency of errors and whether
they are due to a positive or a negative bias. The FCR
of mS-equation at the 55 mg/dL (1.4 mmol/L) cutpoint
was significantly lower (15%, P < 0.0001) compared to
the other equations (S: 29%, M: 28%, F: 37%). Based
on the net reclassification index (NRI), the
mS-equation increased the correct classification of pa-
tients at this cutpoint compared to all other equations
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(F: 21.5%, S: 14.0%, M: 12.9%). A similar significant
reduction in FCR for the mS-equation at the
70 mg/dL (1.8 mmol/L) cutpoint (18%, P < 0.0001)
was also observed compared to other equations
(S: 30%, M: 28%, F: 34%). Again, based on NRI, the
mS-equation increased the correct classification of pa-
tients at this cutpoint compared to other equations
(F: 16.3%, S: 11.4%, M: 10.1%). Furthermore, the
mS-equation showed, by the McNemar test, the closest
agreement to the BQ method at the 55 mg/dL
(1.4 mmol/L) cutpoint (x2 =mS: 12.1, M: 35.3,
S: 190, F: 281) and the 70 mg/dL (1.8 mmol/L)
cutpoint (x> =mS: 7.7, M: 86.1, S: 400, F: 221).

Next, we divided the validation dataset into 4 quad-
rants based on the median value of TG and nonHDL-C,
the two variables that have the largest impact in estimat-
ing LDL-C. The FCR by the various equations was then
determined. In Fig. 5A (high nonHDL-C and low TG),
the M-equation had the greatest FCR followed by the
F-equation and then the other equations. In contrast,
in Fig. 5B (high nonHDL-C and high TG), the
F-equation clearly stood out in terms of its high level
of inaccuracy for low LDL-C samples. In Fig. 5C (low
nonHDL-C and low TG), all the equations showed a
similar FCR except for the mS-equation, which was
more accurate than the other equations. As shown in
Fig. 5D (low nonHDL-C and high TG), the
F-equation was once again the least accurate and the
mS-equation was overall the most accurate.

Finally, we also compared the mS-equation to the
eS-equation, which requires apoB. The results are shown
in online Supplemental Figs. 2—4. The mS-equation was
nearly as accurate as the eS-equation and showed a similar
mean bias and MAD score as the eS-equation across TG,
LDL-C, and non-HDL-C intervals. The two equations
were also similar in their accuracy by kappa analysis in
the classification of patients into different LDL-C inter-
vals. In Supplemental Fig. 2, we show TG values up to
3000 mg/dL (33.9 mmol/L). At TG levels up to
1000 mg/dL (11.3 mmol/L), the mS-equation results
in errors below the maximum recommended limit and
thus has a slightly extended TG range compared to the
800 mg/dL (9 mmol/L) limit for the original S-equation.

Discussion

In this study, we describe the development of a more ac-
curate LDL-C equation that could improve clinical
decision-making at low LDL-C thresholds. By using
an additional cohort of very low LDL-C values from pa-
tients treated with a PCSK9i drug, we were able to sig-
nificantly improve the accuracy of estimated LDL-C by
least-squares regression analysis. Use of the new
mS-equation should better identify patients with low

LDL-C, who are not at their LDL-C target goals and
could benefit from intensification of lipid-lowering
therapy.

Based on recent College of American Pathology
Proficiency test surveys, the great majority of clinical la-
boratories still use the F-equation despite its well-known
limitations (8). When it was first developed over 50 years
ago (11), the accurate measurement of low LDL-C was
not clinically relevant given the lack of effective
lipid-lowering drugs at the time. In 2018, when the lat-
est comprehensive US cardiovascular guidelines were
completed, it was recommended that either a direct assay
or the M-equation be used instead of the F-equation for
low LDL-C (<70 mg/dL,[1.8 mmol/L]) and high TG
(>150 mg/dL, [1.7 mmol/L]) (1). We previously found
that as many as a third of all individuals with an LDL-C
<70 mg/dL by the F-equation are, in fact, falsely low by
as much as 30 mg/dL (0.77 mmol/L) (20). This may re-
sult in patients not receiving PCSK9i therapy or may
make it more difficult to get reimbursement for the
new more effective but also more expensive
lipid-lowering treatments (7). In our view, future cardio-
vascular guidelines should actively discourage the use of
the F-equation for all purposes. It does not appear to of-
fer any accuracy advantage over the newer alternative
equations and may result in the undertreatment of pa-
tients, because of its negative bias.

The original S-equation, which was developed in 2020
(14), offers the following advantages over the M-equation:
(@) it is based on the BQ reference method unlike the
M-equation, (4) it is more accurate for high TG samples
(20), and () it can be easily implemented into almost all la-
boratory information systems without the need of addition-
al IT support unlike the M-equation (8). As can be seen in
this and other studies, the two equations do yield similar re-
sults on most samples. Some reports have favored the
M-equation, because it more closely compares with some
direct LDL-C assays (28, 29). However, direct LDL-C as-
says are known to sometimes have a positive bias on high
TG samples (9, 30), which is what has been observed for
the M-equation when compared against the BQ method
(14, 31).

The new mS-equation has the same advantages over
the M-equation as the original S-equation, but it is even
more accurate, especially for low LDL-C values. Its ac-
curacy almost approaches the eS-equation (19), which
includes apoB in the prediction. By retraining the new
equation with a data set containing a greater number
of low LDL-C values than was used for the original
S-equation (14), the coefficients for the 3 terms related
to VLDL-C differ from the original equation, which ac-
counts for its improved accuracy. Based on its improved
accuracy, especially at key clinical decision thresholds
of 55 and 70 mg/dL (1.4 and 1.8 mmol/L), we recom-
mend that the mS-equation be used to replace the
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Fig. 5. Comparison of false results by TG and nonHDL-C quadrants. The validation data set with results lim-
ited to TG <800 mg/dL and BQ LDL-C limited to <250 (n = 16 683) was used to compare equations. A moving
interval of 20 mg/dL was created every 5 mg/dL, from 15 mg/dL (5 to 25 mg/dL) to 240 mg/dL (230 to
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S-equation, as well as the other equations. The
mS-equation did, however, show a larger mean bias
and higher MAD scores at high LDL-C values greater
than 300 mg/dL (7.75 mmol/L), but LDL-C values
this high are quite rare (>99.9th percentile in the US
National Health and Nutrition Survey general popula-
tion survey) and do not contain any specific clinical
thresholds. Importantly, at the 190 mg/dL (4.9 mmol/
L) cutpoint, a critical decision threshold for initiating

10 Clinical Chemistry 00:0 (2025)

statin therapy for primary prevention (1), the accuracy
of the mS-equation was similar to the other equations.

In 2014, the Milan consensus conference on diag-
nostic testing recommended that direct outcome-based
models, such as clinical outcomes, or indirect outcome
models (impact on clinical decisions) as the preferred ap-
proaches for assessing diagnostic test performance (32).
Although regression-related parameters are useful for as-
sessing the predictive value of a linear regression equation,
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they are only global measures of the overall fit and do not
directly relate to clinical decision-making at a decision
threshold. In addition, many of these types of metrics
are known to be unduly affected by outliers (33). We
found in this study that REC curve analysis (24) can pro-
vide a more detailed view of the performance of an
LDL-C equation. A reduction in relatively small errors
of less than 15%, which can be readily observed by
REC curves when a log scale is used for the x-axis, can still
have a large impact on the correct binary classification
around a single decision threshold. The advantage of
using kappa scores and FCR as performance metrics is
that they both provide a measure for how inaccurate
LDL-C measurements can affect clinical decisions.
FCR, which can be evaluated as to whether it is due to
falsely high or low results, is perhaps even more intuitive
than the kappa score, which does not have units. The
FCR of the mS-equation was reduced by about half com-
pared to the other equations at both the 55 and 70 mg/dL
(1.4 and 1.8 mmol/L) cutpoints. Based on NRI, the use
of the mS-equation would increase the correct classifica-
tion of patients at these low LDL-C cutpoints by approxi-
mately 10% to 20% compared to the other equations.

This study has several limitations. First, methodo-
logical differences in the BQ LDL-C assay across data
sets may introduce variability, and the BQ reference
method sometimes lacks specificity for LDL-C, poten-
tially also capturing cholesterol from small dense rem-
nants and Lp(a). Second, treatment status was
unavailable for the Mayo Clinic cohort; however, the
new equation matches well higher LDL-C values by
the original S-LDL-C equation, which was largely based
on untreated individuals (14). Lastly, individuals with
dysbetalipoproteinemia were excluded; however, this
condition is rare (<1%), and the eS-equation (19) was
specifically designed for this subgroup.

In summary, we describe a simple modification of
the Sampson—-NIH equation with improved test accur-
acy, particularly for low LDL-C values. Use of this new
equation should improve the identification of high-risk
and very high-risk patients, who are not at their LDL-C
goals and require additional lipid-lowering therapy.
LDL-C, however, has inherent limitations as an
ASCVD biomarker (34, 35) and other measures like
apoB are now being recommended (36, 37) to guide
lipid-lowering therapy. Even cholesterol in subfractions
of LDL, which can also be calculated from the lipid panel
(38, 39), is being investigated as an alternative marker,
but until a transition is made in the preferred ASCVD
biomarker, LDL-C should be calculated by the most ac-
curate method available. It is also important to note the
need to assess the new equation in additional cohorts
even though we used several different large data sets in
our study. Because the new equation only utilizes results
from the standard lipid panel, it will make it relatively

easy to perform additional studies to determine the gen-
eralizability of the current findings. Importantly, this fea-
ture of the mS-equation would also facilitate its possible
future implementation into routine clinical practice.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: LDL-C, low-density lipoprotein choles-
terol; HDL-C, high-density lipoprotein-cholesterol; ASCVD, athero-
sclerotic  cardiovascular disease; PCSK9i, proprotein convertase
subtilisin-kexin type 9; TC, total cholesterol; TG, triglycerides; F,
Friedewald; VLDL-C, very low-density lipoprotein cholesterol; M,
Martin—-Hopkins; S, Sampson—-NIH; BQ, B-quantification; eS, en-
hanced Sampson; apoB, apolipoprotein B; mS, modified Sampson
equation; REC, regression error characteristicc MAD, mean absolute
difference; FCR, false classification rate.
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