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ABSTRACT

Background: Accurate estimation of LDL cholesterol (LDL-C) is essential for cardiovascular risk assessment and
treatment. The widely-used Friedewald equation loses reliability at higher triglyceride (TG) levels, particularly
near the 400 mg/dL (4.5 mmol/L) threshold. This study aimed to evaluate the measurement uncertainty (MU) of
TG, total cholesterol (CHOL), HDL cholesterol (HDL-C), directly-measured LDL-C, and Friedewald-calculated
LDL-C using the Nordtest guideline and aimed to determine whether the conventional TG threshold remains ana-
lytically appropriate when MU is considered.

Methods: We retrospectively analyzed 12-month internal quality control (IQC) and external quality assessment
(EQA) data from the lipid panel performed in a single-center laboratory using the Mindray BS-2000M analyzer.
Combined and expanded MU values were calculated for each analyte and compared to maximum allowable un-
certainty (MAU) targets. The impact of TG MU on the Friedewald equation’s TG threshold was assessed using
routine patient data from February 2024 through January 2025.

Results: MU values for TG (8.4%) and direct LDL-C (6.2%) were within their MAU targets, while those for HDL-
C (8.7%) and CHOL (7.7%) exceeded their respective thresholds. The calculated LDL-C showed a higher MU
(13.3%), largely influenced by TG and HDL-C variability. Based on the 8.4% MU of TG, a revised upper thresh-
old of 369 mg/dL (4.2 mmol/L) was proposed. Out of 122,639 patient results, 848 (0.7%) had TG levels between
369 - 400 mg/dL, indicating potential LDL-C misclassification.

Conclusions: Measurement uncertainty substantially impacts the reliability of calculated LDL-C near the TG
threshold. Clinical laboratories should consider incorporating MU into LDL-C interpretation and re-evaluating
TG limits to improve risk stratification and treatment accuracy.
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ORCID: 0000-0002-9910-5907 disability worldwide, with atherosclerotic cardiovascu-

lar disease (ASCVD) accounting for most cases. Among
lipid-related risk factors, low-density lipoprotein choles-
terol (LDL-C) is firmly established as a key contributor
to the initiation and progression of atherosclerosis.
Large-scale genetic and epidemiological studies have
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consistently demonstrated that elevated LDL-C levels
are directly associated with increased ASCVD risk and
cardiovascular mortality [1-3]. LDL-C is a major com-
ponent of all apolipoprotein B (apoB)-containing lipo-
proteins, including very-low-density lipoprotein (VL-
DL), intermediate-density lipoprotein (IDL), and lipo-
protein(a) [Lp(a)], all of which are considered athero-
genic [4]. However, LDL-C remains the primary target
of lipid-lowering therapies and the cornerstone of ASC-
VD risk assessment.

The 2019 European Society of Cardiology (ESC) and
European Atherosclerosis Society (EAS) guidelines rec-
ommend LDL-C treatment targets based on total car-
diovascular risk, ranging from < 1.4 mmol/L (< 55
mg/dL) for very high-risk patients to < 3.0 mmol/L
(< 116 mg/dL) for those at low risk [5]. Meta-analyses
by the Cholesterol Treatment Trialists’ (CTT) Collabo-
ration have shown that each 1 mmol/L (approximately
40 mg/dL) reduction in LDL-C corresponds to a 20%
relative reduction in cardiovascular events [6]. Further-
more, statin therapy has been proven to reduce ASCVD
risk in proportion to the absolute decrease in LDL-C
levels [7,8]. These findings highlight the importance of
accurate LDL-C measurement in clinical decision-mak-
ing.

LDL-C levels can be determined either by direct mea-
surement or estimation from other lipid profile compo-
nents. The gold standard method, B-quantification via
ultracentrifugation, is highly accurate but impractical
for routine clinical use due to its complexity, cost, and
sample volume requirements [9,10]. As an alternative,
many laboratories rely on automated homogeneous as-
says, particularly when TG levels exceed 400 mg/dL
(4.5 mmol/L) [11]. While direct methods offer reason-
able accuracy, limitations such as poor standardization,
variable analytical performance, and increased cost of-
ten lead laboratories to favor calculated LDL-C meth-
ods [12,13].

The most widely-used calculation method is the Frie-
dewald formula, which estimates LDL-C as [14]:

Eq. 1:
LDL-C (mg/dL = (CHOL) - (HDL-C) - (TG/S) (for
mmol/L, TG/2.2 is used).

This formula assumes a constant TG-to-VLDL-C ratio
of 5:1 under fasting conditions and is generally valid
when TG levels are below 400 mg/dL (4.5 mmol/L).
However, it has well-documented limitations. Its accu-
racy decreases significantly when TG levels exceed 200
mg/dL (2.3 mmol/L), particularly in non-fasting states,
where postprandial lipemia elevates TG-rich lipopro-
teins such as chylomicrons and their remnants, distort-
ing the underlying assumptions of the equation [11,14].
In individuals with hypertriglyceridemia or rare dyslip-
idemias such as type III hyperlipoproteinemia, where
cholesterol-rich IDL and VLDL remnants predominate,
the fixed ratio becomes biologically invalid. These lim-
itations are particularly concerning considering the in-

creasing use of non-fasting lipid panels and the high
prevalence of adults with TG > 150 mg/dL (1.7
mmol/L) [15,16]. In such cases, applying the Friede-
wald formula without considering individual context
may lead to LDL-C underestimation and potential mis-
classification of cardiovascular risk [14].

Since lipid disorders are independent risk factors for
ASCVD, clinicians rely on lipid profile measurements
to be both precise and reliable. However, even with val-
idated analytical methods, repeated measurements of
the same analyte can yield slightly different results due
to inherent variation in the measurement process. This
variation is expressed as measurement uncertainty (MU)
- a parameter that quantifies the expected range within
which the true value of a result lies [17]. MU accounts
for both imprecision and bias and provides insight into
the level of confidence one can place at a reported value
[17,18].

In clinical practice, MU becomes particularly relevant
when test results approach clinical decision thresholds,
where even small analytical variations can affect treat-
ment decisions. For example, an LDL-C value just be-
low a therapeutic target may, when MU is considered,
fall outside that range - altering risk classification or
therapy initiation [19-21]. Despite its importance, MU
remains underreported and underutilized in routine in-
terpretation of calculated lipid parameters. The ISO
15189 standard requires laboratories to determine and
document MU for each quantitative test method [22],
yet its integration into LDL-C interpretation, particu-
larly for calculated values, is limited.

In this study, we aimed to assess the impact of MU -
particularly that of triglyceride measurements - on the
reliability of LDL-C estimation using the Friedewald
equation. By using the Nordtest guideline, we evaluated
whether the conventional TG threshold of 400 mg/dL
(4.5 mmol/L) remains analytically appropriate and we
examined the potential clinical implications of incorpo-
rating MU into lipid interpretation.

MATERIALS AND METHODS

Our study is a retrospective, single-center study con-
ducted using 12-month internal quality control (IQC)
and external quality assessment (EQA) data from the
Medical Biochemistry Laboratory of Istanbul Gazios-
manpasa Training and Research Hospital for the period
between February 2024 and January 2025. The study
was approved by the Clinical Research Ethics Commit-
tee of Gaziosmanpasa Training and Research Hospital
(decision date and number: 01-22-2025/14) and was
conducted in accordance with the principles of the Hel-
sinki Declaration.

We calculated MU values for each analyte involved in
Friedewald formula (i.e., TG, HDL-C, CHOL), calcu-
lated LDL-C, and directly measured LDL-C. Moreover,
we retrospectively examined the patient TG results (i.e.,
TG <400 mg/dL) for assessing the TG cutoff reliability.
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Patient results with TG test values above 400 mg/dL
and/or incomplete lipid profiles were excluded from this
part of the study.

For the calculation of combined standard uncertainties
and expanded uncertainties, we used the Nordtest guide-
lines [23], which provide a practical, understandable,
and universally applicable approach to measurement un-
certainty (MU) estimation. The definitions of the lipid
panel analytes for which MU values were calculated are
provided in Table 1. These lipid panel analytes were
measured in the Medical Biochemistry Laboratory of
Gaziosmanpaga Training and Research Hospital using
the Mindray BS-2000M analyzer (Mindray, Shenzhen,
China) and the manufacturer’s reagent kits. IQC was
performed with manufacturers original control samples
(ClinChem Multi Control Level 1 and 2). EQA was per-
formed with QualiCont EQA Scheme (QualiCont Non-
profit Kft., Szeged, Hungary).

Nordtest measurement uncertainty calculations

Step 1: Calculation of within-laboratory reproducibili-
&y (Rw)

To calculate the within-laboratory reproducibility (Rw),
we used the 12-month coefficient of variation (%CV)
values of IQC materials at normal and pathological lev-
els. The %CV was calculated using the standard devia-
tion (SD) and mean (X) obtained from the dataset, fol-
lowing the formula:

Eq. 2:

SD
CV% = (?) x 100

The within-laboratory reproducibility was calculated us-
ing the following equation:

Eq. 3:

Rw = ,/((Level 1 CV)2 + (Level 2 CV)2)/2

The measurement uncertainty contribution from repro-
ducibility was then determined as follows:

Eq. 4:
u(Rw) = Rw/2

Step 2: Calculation of bias-related uncertainty
(u(bias))

For the estimation of the uncertainty component arising
from potential methodological or laboratory bias, we
utilized the root mean squares of bias (RMS bias) and
the uncertainty component of the certified or nominal
value (u(Cref)) obtained from 12-month QualiCont
EQA data. The RMS bias was calculated as follows:

Eq. 5:

2
Intra group bias = \/(Z Intra group bias) /N

Clin. Lab. 11/2026

Eq. 6:

2
Inter group bias = j(z Inter group bias) /N

N = number of participating EQA schemes.
Eq. 7:

RMS bias =
\/((Intra group bias)? + (Inter group bias)?2)/2

The u(Cref) value was determined using the following
equations:

Eq. 8:
u(Cref;) = CV%/n

Eq. 9:
u(Cref) = Zu(Crefi)/N

u(Cref;): Individual u(Cref) value for each EQA sample
assessment:

nies: Number of laboratories using the same method and
the same instrument (peer group participants)

N: number of EQA schemes participated.

By using the calculated RMS bias and u(Cref) values,
the bias-related uncertainty component was computed
as follows:

Eq. 10:
u(bias) = /(RMS bias)? + (u(Cref))?

Step 3: Calculation of combined standard uncertainty
(uo)

The combined standard uncertainty (uc;) was computed
using the following equation, which incorporates the
calculated standard uncertainty components:

Eq. 11:

u, =/ (w(Rw))? + (u(bias))?

Step 4: Calculation of expanded uncertainty (U)

In the final step, the expanded uncertainty (U) value
was determined by multiplying the uc value by a cov-
erage factor (k), which was rounded to 2 to represent a
95% confidence interval:

Eq. 12:
U=u.x2

For calculated LDL-C MU estimation, the uncertainty
components of the independent variables in the calcu-
lation equation were combined using the following
formula:

Eq. 13:

UrpL-c (Calculated):\/(u(CHOL))2 + (u(HDL))? + (u(TG)/S)Z
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The expanded measurement uncertainty for LDL-C was
then calculated by multiplying the standard uncertainty
(u) by the coverage factor (k):

Eq. 14:
ULDL—C (Calculated) = ULDL-C (Calculated) X 2

To compare the calculated MU values, we selected the
maximum expanded allowable measurement uncertainty
(MAU) targets from the desirable targets in the Euro-
pean Federation of Clinical Chemistry and Laboratory
Medicine (EFLM) Biological Variation database [24].
Microsoft Office 365 (Microsoft Excel Software, Mi-
crosoft Corporation, US) was used for data calculations
and table generation.

RESULTS

In our study, the measurement uncertainty (MU) for tri-
glycerides (TG) was calculated as 8.4%, based on the
Nordtest guidelines. The calculated MU value for TG
remained within the maximum allowable uncertainty
(MAU) threshold of 19.7%. For LDL-C, the measure-
ment uncertainty was determined to be 6.2%, which was
also within the MAU limit of 7.7%. For HDL-C, the
measurement uncertainty was calculated as 8.7%; how-
ever, this value exceeded the MAU threshold of 5.7%.
Similarly, for total cholesterol (CHOL), the MU was
7.7%, which also surpassed the MAU limit of 5.2%. In
the uncertainty calculation for calculated LDL-C using
the Friedewald formula, the MU value was found to be
13.3%. The measurement uncertainty components of the
analytes included in the Nordtest-based calculations,
along with their respective MAU values, are presented
in Table 2.

To ensure the safe use of the Friedewald formula, we
considered an 8.4% MU correction for the upper limit
of TG. Based on this adjustment, we determined that the
reliable upper limit for TG should be 369 mg/dL (4.2
mmol/L). This value was calculated on the assumption
that when the + 8.4% MU is applied to 369 mg/dL, the
upper bound of the confidence interval reaches approx-
imately 400 mg/dL (369 x 1.084 = 400). In other words,
a TG measurement of 369 mg/dL represents the highest
value at which the true TG concentration is still likely to
fall within the clinically accepted threshold. By apply-
ing this adjusted cutoff to our dataset, we identified 848
out of 122,639 patients (0.7%) with TG levels between
369 and 400 mg/dL (4.2 - 4.5 mmol/L). The LDL-C
values estimated for these patients may have been af-
fected by MU and therefore require cautious interpreta-
tion, particularly when close to clinical decision limits.

DISCUSSION

This study evaluated the impact of measurement uncer-
tainty (MU) on the reliability of calculated LDL-C val-
ues using the Friedewald equation. Our findings dem-
onstrated that while TG and directly measured LDL-C
met their respective maximum allowable uncertainty
(MAU) thresholds, HDL-C and CHOL exceeded them.
Notably, the MU for calculated LDL-C was 13.3%,
more than double the MU observed for direct LDL-C
measurement (6.2%). This elevated uncertainty was pri-
marily driven by the bias component (u(bias)) derived
from external quality assessment (EQA) data, consistent
with previous reports by Tan et al. and Nurlu et al., who
also identified u(bias) as the largest contributor to over-
all MU in Nordtest-based calculations [25,26].

By applying the calculated 8.4% MU for TG, we pro-
posed a revised upper threshold of 369 mg/dL (4.2
mmol/L) for reliable use of the Friedewald formula. At
this level, the 95% confidence interval for TG remains
within clinically acceptable limits. In contrast, a TG re-
sult of 400 mg/dL could reflect a true value ranging
from 366 to 434 mg/dL due to analytical uncertainty, in-
creasing the risk of LDL-C underestimation. Our retro-
spective analysis showed that 848 patients (0.7%) in our
cohort had TG values within the 369 - 400 mg/dL
range, indicating that even a small patient subset could
be at risk of misclassification if MU is not considered.
The clinical importance of MU has been illustrated in
other areas of laboratory medicine. For example, Ustun-
dag et al. demonstrated how MU influences the inter-
pretation of forensic ethanol results near legal decision
thresholds [27], while Kin Tekce et al. showed that in-
corporating MU into serum creatinine results signifi-
cantly impacts the diagnosis of acute kidney injury [28].
These studies reinforce the value of integrating MU into
clinical decision-making, particularly when test results
are near diagnostic or therapeutic cutoffs.

Given the limitations of the Friedewald formula under
specific conditions - such as non-fasting states, moder-
ate-to-severe hypertriglyceridemia, or rare lipid disor-
ders like type III hyperlipoproteinemia - several alter-
native LDL-C estimation methods have been developed.
Among these, the Martin-Hopkins equation has shown
improved accuracy in individuals with LDL-C < 1.8
mmol/L (70 mg/dL) and TG up to 4.5 mmol/L (400
mg/dL). However, its accuracy diminishes beyond this
range due to poor correlation with B-quantification [29,
30]. Similarly, the Sampson equation, developed using
B-quantification data from hypertriglyceridemic popula-
tions, performs well up to TG levels of 800 mg/dL (9.0
mmol/L) and may offer improved accuracy in normo-
lipidemic individuals [31].

Recognizing these challenges, the EAS and the EFLM
have issued consensus recommendations. These advo-
cate for consistency in LDL-C measurement methods
throughout treatment, clear communication to clinicians
when method changes occur, and preferential use of the
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Table 1. Clinical chemistry measurands.

Analyte Unit Analytical method Biological system
Triglyceride (TG) mg/dL enzymatic colorimetric method serum
Total cholesterol (CHOL) mg/dL enzymatic colorimetric method serum
HDL-cholesterol (HDL-C) mg/dL homogeneous enzymatic colorimetric method serum
LDL-cholesterol (LDL-C) mg/dL homogeneous enzymatic colorimetric method serum

Table 2. Measurement uncertainty components of clinical chemistry analytes according to the Nordtest approach.

Analyte | CVi(%) | CV2(%) | wRy | RMSbias® | u(Crefi* | u(bias) e U | mau
TG 285 249 [ 190 15.63 0.09 3.96 420 | 840 | 197
LDL-C | 225 243 | 137 8.20 0.12 2.88 3 | 62 Z
HDLC | 3.6 343 | 270 15.98 0.06 4 433 | 866 57
CHOL 273 293 2 12.85 0.08 3.60 38 | 113 5.2
Calouiated | - - - - : - 664 | 1328 -

TG: triglyceride, LDL-C: LDL cholesterol, HDL-C: HDL cholesterol, CHOL: total cholesterol, CV;: coefficient variation of level 1 control,
CV;: coefficient variation of level 2 control, #*Rw: standard uncertainty component for the long-term precision obtained from twelve month-
internal quality control, RMS bias?: root mean square of biases, #(Cref)’: the uncertainty of nominal values, u(bias): uncertainty component of
the bias, u.: combined standard uncertainty, U: expanded uncertainty, MAU - maximum expanded allowable measurement uncertainty. Bold

and underlined values indicate expanded uncertainty exceeding the MAU.

Martin-Hopkins equation in patients with LDL-C < 1.8
mmol/L or TG levels between 175 - 400 mg/dL (2.0 -
4.5 mmol/L). For TG > 4.5 mmol/L (400 mg/dL), direct
LDL-C measurement is advised [30,32].

Recent developments in machine learning-based LDL-C
estimation also show promise. These models aim to ac-
count for complex lipid interactions and may improve
accuracy and reduce uncertainty across diverse popula-
tions [33,34]. However, regardless of the formula used,
it is important to recognize that the MU of calculated
LDL-C is inherently affected by the uncertainties of its
input variables - namely, CHOL, HDL-C, and TG. Our
study confirms that calculated LDL-C carries a signifi-
cantly higher MU than directly measured LDL-C, un-
derscoring the added value of direct methods in situa-
tions where analytical precision is critical.

This study has several limitations. It was conducted in a
single-center setting using one analytical platform,
which may limit generalizability to other laboratories
with different instruments or calibration protocols. MU
was calculated using IQC data based on manufacturer-
provided control materials rather than third-party refer-
ence standards, which could affect comparability with
other settings. Additionally, the retrospective nature of
the study limited our ability to control patient-level vari-
ables such as fasting status, comorbidities, or use of lip-
id-lowering therapy.

In conclusion, considering the 8.4% MU value for TG,
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we determined that the upper TG inclusion limit for the
Friedewald equation should be 369 mg/dL rather than
400 mg/dL. Since the accuracy of Friedewald-derived
LDL-C estimates is directly dependent on TG levels, it
is crucial to ensure the reliability of TG measurements.
If TG results are near the equation’s upper limit, incor-
porating MU into test result interpretation could signifi-
cantly impact the diagnosis and treatment of dyslip-
idemic patients. We suggest that clinical laboratories
should integrate MU assessments when using the Frie-
dewald formula, particularly in patients with borderline
TG levels, to improve clinical decision-making.
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    U  LDL − C   ( Calculated ) =   u  LDL − C    ( Calculated )   x   2


    u  LDL − C    ( Calculated ) =     ( u ( CHOL ) ) 2 +    ( u ( HDL ) ) 2 +    ( u ( TG ) / 5 ) 2


  U =   u  c   x   2


    u  c =     ( u ( Rw ) ) 2 +    ( u ( bias ) ) 2


  u ( bias ) =     ( RMS   bias ) 2 +    ( u ( Cref ) ) 2


  u  ( Cref ) =  ∑  u  (  Cref i ) / N


  u  (  Cref i ) = CV % /  n


   (    ( Intra   group   bias ) 2 +    ( Inter   group   bias ) 2 ) / 2


   (    ( Intra   group   bias ) 2 +    ( Inter   group   bias ) 2 ) / 2


  RMS   bias =  


  Inter   group   bias =    (  ∑  Inter   group   bias ) 2 / N


  Intra   group   bias =    (  ∑  Intra   group   bias ) 2 / N  


  u ( Rw )   =   Rw / 2


  Rw =  (    ( Level   1   CV ) 2 +    ( Level   2   CV ) 2 ) / 2


  CV % =  (  SD  x ̅ ) x   100

