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Clinical laboratory tests are often interpreted using reference in-
tervals (RIs; i.e. normative values), which are most commonly defined
as the central 95% of values expected in a healthy reference population
(1). RI establishment involves defining and sampling a reference po-
pulation, sample collection, analytical measurement, and statistical
analysis. Statistical methods have been described for several aspects of
RI establishment, including appropriate outlier detection and removal
[2–4], partitioning RIs by covariates (e.g. age and sex) [5,6], and cal-
culating confidence intervals (CIs) around reference limits (1). How-
ever, this opinion paper focuses on the direct calculation of RIs from a
healthy reference population. The Clinical and Laboratory Standards
Institute (CLSI) EP28-A3c guidelines provide recommendations to es-
tablish RIs [1]. Nevertheless, a systematic review of RI calculation
methods showed that these guidelines are often not followed [7] and
we argue that alternative methods from those recommended in the
guidelines may be more appropriate in certain situations.

The CLSI EP28-A3c guidelines provide recommendations for cal-
culating RIs using a reference population of healthy individuals, re-
ferred to as the direct sampling method [1]. This guideline focuses on
two statistical methods: the traditional non-parametric and robust
methods. The traditional non-parametric method is recommended
when the sample size is ≥120. This method makes no assumptions
about the population distribution shape and is based on observation
ranks (in order of magnitude), ignoring absolute values. When the
sample size is< 120, the robust method of Horn and Pesce [8] is re-
commended, which is not sensitive to the violation of normality. Al-
though there is no specific minimum observations required, larger
sample sizes provide more accurate estimations [1]. The robust method
is an iterative process, where the initial center of the data is estimated
by the median (i.e. central tendency) and the initial spread is estimated
by the median absolute deviation. The sample size cut-off of 120 that
distinguishes between using these two methods is, in fact, not based on
the accuracy of their estimations, but is the sample size required to
calculate 90% CIs non-parametrically [1].

Although the CLSI EP28-A3c guidelines primarily focus on these two
methods for calculating RIs, we argue that alternative methods in-
cluding parametric and Harrell-Davis non-parametric bootstrap
methods provide more accurate and precise estimates of the true RI in

certain circumstances. The CLSI recommends a pragmatic approach due
to the common non-Gaussian distribution of analyte concentration, the
simplicity of the recommended non-parametric method, as well as the
non-distributional assumptions of both non-parametric and robust
methods. Nevertheless, the CLSI EP28-A3c guideline mentions both
alternative methods. The parametric method is mentioned alongside
discussion of the common requirement to transform data to achieve a
Gaussian distribution, involving moderately complex statistical tech-
niques and software [1]. Furthermore, the Harrell-Davis non-para-
metric bootstrap method is mentioned briefly, in which the re-
commendation for using the traditional non-parametric method is
defended by stating that “the Harrell-Davis method involves more
complex computation (and demands more expertise) than the simple
nonparametric method recommended in this document”, alongside
agreeing with its excellent ability to establish RIs. The guidelines also
state the sample size requirement of≥100 for the Harrell-Davis method
and its susceptibility to outliers when the sample size is< 150. The
Harrell-Davis non-parametric method is a bootstrap version of the tra-
ditional non-parametric method and is substantially more efficient [9].

The parametric method assumes the data have a Gaussian (i.e.
normal) distribution and the 2.5th and 97.5th percentiles are de-
termined by the mean +/− 1.96*standard deviation. As analyte con-
centration is commonly non-Gaussian distributed, prior to relying on a
non-parametric method, achieving normality should first be attempted.
To determine if a distribution is normally distributed, statistical tests
(e.g. Shapiro-Wilk, Anderson-Darling) together with graphical tools
(e.g. quantile-quantile (Q-Q) plot) should be used. Normality can often
be achieved by reducing skewness and kurtosis using Box-Cox trans-
formation, which determines the optimal value for transformation (i.e.
λ) to achieve the best approximation of a normal distribution (e.g.
λ=0 applies a log transformation). If the Box-Cox transformation fails
to achieve normality, the modified Box-Cox transformation can be used
[10], which improves the flexibility and performance of the transfor-
mation by introducing a corrective term for origin displacement [11]. A
recent study systematically compared the performance of the tradi-
tional non-parametric, parametric, and robust methods on 216 simu-
lated datasets with various sample sizes and distributions, which were
similar to empirical pediatric reference value datasets [12]. According
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to this study, the parametric method produces RIs with the least biased
(i.e. most accurate) estimates and the lowest mean squared error (i.e.
most precise) when the data is Gaussian distributed across all sample
sizes tested (i.e. n=40–480) [12]. Accuracy and precision were de-
termined using the pre-defined mean, variance, and skewness of the
simulated datasets. For example, using a simulated Gaussian dataset,
the upper reference limit empirical bias was lower for the parametric
compared to non-parametric method (n=40 −0.039 vs 0.594;
n=480: −0.003 vs. 0.048) [12]. Furthermore, using a real Gaussian
dataset for uric acid, the parametric method produced narrower CIs
than the non-parametric method, particularly at smaller sample sizes
(e.g. n=120; parametric: 178 (CI: 159, 196) μmol/L – 455 (437, 472)
μmol/L vs. non-parametric: 161 (122, 210) μmol/L – 471 (424, 511)
μmol/L) [12].

When data are Gaussian, the precision of RIs calculated with the
traditional non-parametric or robust methods increases as sample size
increases [12]. However, they are asymptotically biased (unlike those
calculated parametrically), meaning the bias does not converge to zero
[12], and thus do not produce consistent RI estimates for Gaussian data.
Additional studies comparing methods for calculating RIs also re-
commend the parametric method for Gaussian data or data transformed
to Gaussian. Using data from the National Health and Nutrition Ex-
amination Survey (NHANES), RIs were calculated using the parametric,
Box-Cox transformed parametric, and a non-parametric bootstrapping
procedure of resampling with replacement [13]. The transformed
parametric method provided the least biased and most precise esti-
mates, followed by the non-parametric bootstrapping method [13].
Furthermore, the International Federation of Clinical Chemistry and

Laboratory Medicine (IFCC) Committee on RIs and Decision Limits (C-
RIDL) compared RIs calculated using the parametric method after
modified Box-Cox transformation and non-parametric methods and
concluded that the parametric method using modified Box-Cox trans-
formation is preferred for RI calculation in most scenarios [14]. Ex-
ceptions include when the assay detection limit leads to truncated va-
lues on the lower end, in which the non-parametric method may work
better for estimating the lower limit [14]. The parametric method may
also be advantageous for determining RIs for analytes with commonly
observed abnormal values, leading to outlying observations (e.g. tri-
glycerides, alanine aminotransferase) [15]. This is likely due to the
greater susceptibility of the non-parametric method to outlying ob-
servations, while the parametric method reflects the central portion of
the reference distribution (15). However, the parametric method is
more sensitive to outliers when the sample size is low and therefore the
bootstrap resampling method may be better for these situations [14].

When the reference value distribution is skewed, the best per-
forming method is not as obvious. When the sample size is large
(n≥ 120), the non-parametric method universally provides the least
biased and most precise RI estimate for highly skewed data (ĸ≥ 0.50)
that cannot achieve normality with Box-Cox transformation [12].
However, the Harrell-Davis non-parametric bootstrap method is re-
commended for highly skewed data with a large sample size, as this
method provides a more accurate and precise estimation of the RI by
continuous resampling [16,17]. For example, at a sample size of 500,
the root mean squared error (precision estimate) was 8% and 7% lower
using the bootstrap compared to traditional non-parametric method
when estimating RIs from simulated Gaussian and skewed datasets,

Fig. 1. Schematic of the process to select the most accurate and precise method to calculate reference intervals using a reference population of healthy reference
individuals.
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respectively [17]. For small values of skewness (κ < 0.50) and sample
size (n≥ 120), there is no universal method that provides the most
accurate and precise RI estimation [12].

Ideally, RIs should always be calculated using multiple methods, the
results compared to each other, and the method that provides the most
precise estimate subsequently chosen. One recommended way to de-
termine if the chosen method provides a precise estimation is to ensure
the 90% CI is< 0.2 times the width of the 95% RI [16]. Indeed, the
width of the CI for each reference limit is a measure of the estimation's
precision and represents the sampling variability of the RI. If all
methods provide a similar result (reference change value specific for the
analyte could be used as a guide to determine a clinically meaningful
difference), then the method chosen does not matter. Horn et al. re-
commended that if the methods provide different results, the RI that is
slightly tighter rather than wider, should be chosen to avoid false ne-
gative results [18]. Nevertheless, depending on the analyte and its
clinical utility, it may not be clear if it is preferable to minimize false
negative or false positive results. When finalizing a RI, clinical expertise
should be considered to determine appropriate flagging rates for the
analyte of interest. Fig. 1 can be used as a guide to help laboratory
professionals choose the method most likely to provide the least biased
and most precise RI estimate based on characteristics of the data. Given
the unique reference value distribution of biochemical markers, the
preferred statistical method should be determined for each analyte. It is
important for laboratory professionals to understand the statistical
methods available to calculate RIs and consequently ensure accurate
laboratory test result interpretation.
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