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Functional reference limits describe key changes in the physiological relationship between
a pair of physiologically related components. Statistically, this can be represented by a sig-
nificant change in the curvature of a mathematical function or curve (e.g., an observed
plateau). The point at which the statistical relationship changes significantly is the point of
curvature inflection and can be mathematically modeled from the relationship between the
interrelated biomarkers. Conceptually, they reside between reference intervals, which de-
scribe the statistical boundaries of a single biomarker within the reference population, and
clinical decision limits that are often linked to the risk of morbidity or mortality and set as
thresholds. Functional reference limits provide important physiological and pathophysio-
logical insights that can aid laboratory result interpretation. Laboratory professionals are in
a unique position to harness data from laboratory information systems to derive clinically
relevant values. Increasing research on and reporting of functional reference limits in the
literature will enhance their contribution to laboratory medicine and widen the evidence
base used in clinical decision limits, which are currently almost exclusively contributed to
by clinical trials. Their inclusion in laboratory reports will enhance the intellectual value of
laboratory professionals in clinical care beyond the statistical boundaries of a healthy refer-
ence population and pave the way to them being considered in shaping clinical decision
limits. This review provides an overview of the concepts related to functional reference lim-
its, clinical examples of their use, and the impetus to include them in laboratory reports.
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INTRODUCTION

Reference intervals describe the percentile values of a bio-
marker measured in a reference population [1, 2]. Ideally, the
reference population should be selected from a representative

408 www.annlabmed.org

population free of any pathological conditions that are known to
affect the biomarker, with samples handled under standardized
pre-analytical conditions. Frequently encountered lower and up-
per reference limits are the 2.5th and 97.5th percentile values,
respectively, representing the central 95% of the distribution.
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Using this strict statistical definition, 5.0% of “apparently
healthy” subjects will have biomarker values outside the derived
reference interval, equally split between subjects falling outside
the upper or lower reference limit. Reference intervals provide
population-level statistical limits for a biomarker and are the
most commonly used tools for laboratory result interpretation
(3.

Within a biological homeostatic system, numerous physiologi-
cal processes exist that regulate and maintain the stability of the
internal environment of the system, particularly in response to
changing external conditions [4]. Homeostasis is achieved
through self-regulating positive and negative feedback mecha-
nisms, where an increase or reduction in a metabolite concen-
tration, for example, is accompanied by a physiological response
to decrease or increase the concentration back to a biological
set point. Components of the homeostatic system may be mea-
sured in the laboratory and, when profiled, provide a more com-
plete assessment of the physiological state of the subject.

Consider the example of a simplified homeostatic system for
water balance, including plasma osmolality and antidiuretic hor-
mone measurements [5]. When plasma osmolality is above a
certain threshold, as in the case of dehydration, it stimulates the
thirst center in the hypothalamus and the posterior pituitary to
release antidiuretic hormone (Fig. 1). The antidiuretic hormone
acts on the collecting ducts of the nephrons to increase water
resorption, which lowers plasma osmolality. This in turn lowers
the stimulus for further antidiuretic hormone secretion and even-
tually restores plasma osmolality to the homeostatic set point.

An understanding of physiological and homeostatic processes

Thirst

Plasma antidiuretic hormone, pmol/L

\

Plasma osmolality, mOsm/kg

Fig. 1. Relationship between plasma osmolality and plasma antidi-
uretic hormone concentration. Not drawn to scale.
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is fundamental for proper laboratory result interpretation and
determining the physiological status of the patient [4, 6]. Ho-
meostatic mechanisms are designed to tolerate or compensate
for physiological disturbances to a certain degree; however, ex-
cessive disruptions may eventually lead to the breakdown of
these compensatory mechanisms and the subsequent develop-
ment of a pathological state.

Reference intervals do not provide information on the relation-
ships between two or more physiologically related biomarkers
[7]. This may limit the ability of clinical professionals to gain im-
portant insights into the physiological status of the patient. While
reference intervals define the statistical boundaries of a refer-
ence population, their clinical performance depends on the se-
lection of the reference population (e.g., whether including sub-
clinical/pathological subjects) and the relative distance between
non-diseased and diseased population distributions [1, 2, 8].
Furthermore, many clinical conditions exist as a spectrum that
ranges from healthy over subclinical disease to overt pathology,
and arbitrary partitioning of this continuum may lead to misdi-
agnosis [6]. This limitation of reference intervals is highlighted in
conditions for which a large proportion of the general population
harbors a subclinical presentation that may be difficult to iden-
tify and exclude.

For example, serum vitamin D insufficiency and deficiency are
common in the general population, even in tropical regions [9].
If reference intervals would be established based on the general
population, the lower reference limit would likely include a sig-
nificant proportion of subjects with insufficient vitamin D con-
centrations and some who are deficient but asymptomatic. This
would lead to an inappropriately low lower reference limit, which
would fail to identify subjects with vitamin D insufficiency and
hinder clinicians from making an appropriate clinical interpreta-
tion for optimal treatment. Similar conundrums exist for popula-
tion-derived serum ferritin reference intervals in women [7].

Instead, the interpretation of serum vitamin D concentrations
relies on medical decision limits that define deficiency, insuffi-
ciency, and sufficiency [10]. These medical decision limits are
geared toward identifying subjects for replacement therapy to
reduce the risk of rickets, osteomalacia, or osteoporosis [10,
11]. These thresholds are, in part, informed by examination of
the physiological relationships among the serum vitamin D con-
centration, plasma parathyroid hormone concentration, and in-
testinal calcium and phosphorus absorption [10]. Parathyroid
hormone promotes calcium efflux from the bone, decreases
calcium loss from the kidneys, and enhances intestinal calcium
absorption. Serum vitamin D and plasma parathyroid hormone
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concentrations have an inverse relationship that plateaus (Fig. 2)
[12]. The point at which the plateau begins represents the func-
tional limit of the serum vitamin D concentration at which the
parathyroid hormone concentration is maximally suppressed
and has been suggested as the basis for defining the optimal vi-
tamin D status [12].

DEFINITIONS OF FUNCTIONAL REFERENCE
LIMITS

It can be difficult to identify and exclude subjects with subclini-
cal disease or pathological states in reference interval studies
because many of these subjects may be asymptomatic. More-

Point of plateau

Plasma parathyroid, ng/L

\

Serum vitamin D, nmol/L

Fig. 2. Relationship between serum vitamin D and plasma parathy-
roid hormone concentrations represented by a regression line (solid
line) and its 95% confidence interval (dashed lines). Not drawn to
scale.
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over, the distribution of the subclinical diseased population may
overlap with that of the healthy reference population and con-
tribute to the appearance of one overall normal distribution (Fig.
3) [7]. If such subjects are inadvertently included in the refer-
ence population, this may broaden the overall population distri-
bution and significantly influence the derived percentile values
that lie at the extreme ends of the population distribution, such
as the conventional 2.5th and 97.5th percentiles. The applica-
tion of such artificially broadened reference intervals may result
in inappropriate interpretation at the lower, upper, or both limits,
depending on the influence of the pathological states on the
biomarker. Hence, in the establishment of reference intervals,
the inclusion of subclinical and pathological populations is
clearly undesirable and contributes “noise” to the reference
data and therefore should be avoided to derive clinically appro-
priate values.

In contrast, functional reference limits seek to describe refer-
ence values that span the continuum of healthy, subclinical,
and pathological populations, with the inclusion of decompen-
sated populations being considered integral to the definition of
functional reference limits. In homeostatic and physiological
systems, functional relationships may exist between different
components, where changes in one component may positively
or negatively affect the others [4]. The relationships among the
components are maintained under normal conditions but may
significantly change under physiological or pathological stress.
Such changes in the interactions among physiological compo-
nents can be modeled using statistical approaches [7]. A func-
tional reference limit is defined as the numerical threshold at

Subclinical/
pathological
S< population

Fig. 3. Inclusion of subclinical/pathological populations may inappropriately broaden lower and upper reference limits. The dashed lines
represent the distribution of the healthy population while the solid line represents the broadened distribution when subclinical/pathological

populations are included.
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which the relationship between physiologically related compo-
nents, such as laboratory biomarkers, changes significantly [71].
Here, the term “functional” describes both the biological and
statistical relationships between two related physiological com-
ponents. Biologically, the change in a relationship may repre-
sent a significant functional change in a physiological state (e.g.,
limits of homeostasis or decompensated state) or pathology. The
biological relationship is generally specific for a particular physi-
ological system or clinical condition.

Statistically, this may be represented by a significant change
in the curvature of a mathematical function or curve (e.g., an
observed plateau) (Fig. 4). The point at which the statistical re-

@ Unaffected (normal)
A\ Affected (diseased)

Biomarker B, mmol/L

Biomarker A, mmol/L

Fig. 4. Relationship between two interrelated biomarkers in differ-
ent overlapping populations, normal subjects (gray circles), and
pathological subjects (open triangles). The concentrations of bio-
markers A and B both increase until a point where they start to pla-
teau (change in curvature, dashed vertical line), which is consid-
ered the functional reference limit.

ANN
LAB
MED

lationship changes significantly is the point of curvature inflec-
tion and can be mathematically modeled from the relationship
between the interrelated biomarkers. Unlike reference intervals,
functional reference limits may exist for only one side of the
measurand concentration distribution, i.e., only one functional
reference limit may exist [71].

DIFFERENCES BETWEEN FUNCTIONAL
REFERENCE LIMITS AND CLINICAL DECISION
LIMITS

At first glance, functional reference limits and clinical decision
limits may appear to be similar and can be confused with one
another. However, there are important distinctions between
them. Clinical decision limits are generally derived from large-
scale clinical outcome studies, clinical guidelines (that may be
formed from expert opinions), and consensus value statements
[2]. They may be defined by diagnostic performance in terms of
clinical sensitivity, clinical specificity, and costs of clinical mis-
classification, which may be optimized differently in different
clinical settings and clinical conditions. The observed diagnostic
performance is heavily influenced by the distance between bio-
marker concentrations observed in healthy and diseased popu-
lations. Clinical decision limits described in this manner have
clearly defined diagnostic performance characteristics and are
generally related to the identification of subjects with a specific
clinical condition. Examples of clinical decision limits with de-
fined diagnostic performance characteristics include the serum
cortisol threshold for diagnosing cortisol excess and the cardiac
troponin cutoff for myocardial infarction [13, 141.

Additionally, clinical decision limits can be determined from
population-based epidemiological studies. Clinical outcomes are
usually derived from large prospective or retrospective cohort

Table 1. Differences among reference intervals, clinical decision limits, and functional reference limits, adapted from [2]

Type of interpretative tool Reference intervals

Clinical decision limits

Functional reference limits

Number of values Statistical limits (two values)

Clinical threshold (typically one value)

Biological and/or statistical limit (typically one value)

Derivation A biological characteristic of the A decision regarding a clinical condition An inflection point of a functional relationship between
unaffected population two interrelated biomarkers

Population General population Clinical population General and clinical populations

Based on 95% central interval of the reference  Clinical outcome studies, guidelines and Numerical threshold at which the relationship between
distribution consensus values, ROC curves, physiologically related components, such as laboratory

predictive values biomarkers, changes significantly

Defined by Laboratory experts Clinicians and laboratory experts Laboratory experts

Most prominent experts Laboratory experts Clinical experts Laboratory experts

Consensus standard Well defined To be developed To be developed
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studies that examine specific outcomes of interest, such as the
risk of complications or effects of applied interventions. Exam-
ples of such clinical decision limits include serum lipid concen-
trations and diabetes diagnostic criteria [15, 16]. Finally, critical
values, which are laboratory results representing physiological
states at such variance from normal that require prompt action
to avert life-threatening adverse events, are also considered
clinical decision limits [2]. Critical values may be associated
with an increased risk of death or critical states requiring inten-
sive care [17, 18]. An acceptable level of risk for clinical deci-
sion limits is generally arbitrarily selected for a clinical scenario
or setting [2].

In contrast, functional reference limits are defined by statisti-
cal modeling and identification of the point of significant change
in the modeled physiological relationship. Hence, they may only
indicate the point where homeostasis is disturbed and not the
presence of a disease. Functional reference limits also do not
predict disease risk or treatment targets to reduce the risk pro-
file of a clinical condition. Data related to functional reference
limits may be considered during the formulation of clinical deci-
sion limits, as shown in the above example of serum vitamin D
clinical decision limits; however, the converse is not true. The
differences among reference intervals, clinical decision limits
[2], and functional reference limits are summarized in Table 1.

STATISTICAL APPROACHES IN FUNCTIONAL
REFERENCE LIMITS

The derivation of functional reference limits generally involves a
two-step process [7]. The first is a general overall assessment of
the shape (i.e., relationship) between the two interrelated bio-
markers through exploratory data analysis. Following the identi-
fication of a relationship with an inflection point, further regres-
sion modeling may be applied to optimally describe the mathe-
matical relationship.

In the past, the correlation between two interrelated biomark-
ers has been examined using scatter plots. The “functional ref-
erence limit” (although not recognized as such at the time) can
then be determined visually [19]. The scatter plot remains a
cornerstone in evaluating the relationship between a pair of bio-
markers, although more accurate estimations of the relationship
can be made using regression models. More recently, advance-
ments in computational power have allowed for a more sophisti-
cated assessment of the relationship between two biomarkers.
Some statistical approaches that have been used include quan-
tile regression, a restricted cubic spline, and smoothed curves
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[20]. In general, the median is used to describe the central ten-
dency of a distribution, as it is more resistant than the mean to
outliers in a dataset that may contain more extreme representa-
tions of physiological and pathological states. Depending on the
statistical model applied, it may be appropriate or desirable to
identify and remove extreme values or outliers prior to applying
the regression functions.

Quantile regression is an extension of ordinary least squares
regression that estimates the conditional quantiles (e.g., the me-
dian) of the response variable. This regression framework has
the advantage of being more robust to outliers in the dependent
variable and can be used when the assumptions of ordinary lin-
ear regression are not fulfilled. This regression approach has
been used to determine ferritin functional reference limits in
children [21]. In the cubic spline approach, the median values
of the data distribution across the concentration range are de-
termined at specific intervals or partitions [20]. Subsequently,
these median values are fitted using piecewise polynomial re-
gression (in a cubic spline, third-order polynomials are used).
This is a relatively simple approximation of a complex relation-
ship, with curve fitting demonstrating good accuracy. However,
this approach can produce curves with a “knotted” appearance.
A smooth curve is a curve with a continuously turning tangent
(i.e., nonlinear component) without singular points with the aim
to reduce the influence of extreme values and outliers. Frac-
tional polynomial regression can be used to model relationships
and produce a smooth continuous curve fit across a data range
[22]. It should be noted that the application of different regres-
sion models to fit a curve may produce different impressions of
the trends between the biomarker pair [7]. It is important that
the investigator and reader familiarize themselves with the phys-
iology of biomarkers and how they interact, also within the spec-
trum of different clinical conditions, to allow an informed inter-
pretation of the relationship.

Once the optimal statistical model is established, the inflec-
tion point can be determined. This may be a single point or re-
gion where a significant biological or statistical change occurs
and represents the functional reference limit. It can be deter-
mined by assessing the statistical significance of the correlation
between groups, a defined biological change (e.g., a decrease
in the correlated dependent biomarker), the application of clini-
cal criteria (e.g., setting an a priori clinical threshold/concentra-
tion for one of the biomarkers), or simple visual inspection of the
point of inflection [7]. In yet another approach, piecewise linear
regression models are used to split the data into different seg-
ments to fit different linear regressions and determine the

https://doi.org/10.3343/alm.2023.43.5.408
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breakpoint (also termed “knot value”), which is then considered
the functional reference limit [23].

At present, there is no guidance on regression models and
statistical definitions of the point of inflection to adopt when de-
riving a functional reference limit [7]. Hence, a methodology
may be adopted considering personal preference, familiarity
with the technique, data density, data distribution, and func-
tional and statistical relationships between the biomarkers. It is
helpful to explore the different statistical models and consider
the physiology and pathophysiology of the clinical condition to
arrive at an optimal interpretation. In all cases, confidence inter-
vals of the estimated functional reference limits from each of the
different regression approaches should be determined to facili-
tate comparison. Likewise, no guidance is available for the pre-
ferred approach to calculating confidence intervals; however,
bootstrap approaches have been used in some studies.

Like for conventional reference intervals, it may be advanta-
geous to establish functional reference limits for specific popu-
lations. While there is no guidance on the approach to partition
data for this purpose, it may be reasonable to consider perform-
ing a stratified analysis based on known reference interval parti-
tioning when the physiology of the subpopulation is expected to
significantly differ from that of the general population. A com-
parison of the estimated parameters and confidence intervals
with and without partitioning may help inform whether the data
and populations can be merged.

INDIRECT APPROACHES USING HISTORICAL
LABORATORY VALUES

In previous studies, biomarker relationships were observed us-
ing smaller study designs that examined more extreme condi-
tions in healthy subjects or by assessing the pathophysiology of
diseased subjects [7, 19]. More recently, efforts have been
made to statistically describe the relationship between two
physiologically related biomarkers, including the homeostatic
response and decompensation point, using big data analysis
[20, 23]. This was made possible by the confluence of improve-
ments in laboratory automation, information systems, and statis-
tical computation. Modern-day laboratory automation allows
generating high-throughput laboratory data at affordable prices.
The accessibility of laboratory services has lowered the thresh-
old for testing and encouraged clinicians to perform tests on
subjects with a low clinical index of suspicion [24]. In other
words, many laboratory tests are performed on subjects who
may be otherwise healthy. Consequently, a full spectrum of lab-

https://doi.org/10.3343/alm.2023.43.5.408
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oratory data that reflect the physiological-pathophysiological
continuum of a biomarker can be curated.

Moreover, an increasing repertoire of laboratory biomarkers is
becoming available, and they may examine different compo-
nents of a physiological or homeostatic system. These related
biomarkers are often bundled in convenient test panels for spe-
cific clinical conditions or physiological systems. Examples of
such test panels include thyroid function tests, generally com-
posed of thyroid-stimulating hormone and free thyroxine, and
anemia panels, which may include serum iron, ferritin, transfer-
rin, total iron-binding capacity, complete blood count, and blood
film examination. Clinical test protocols, algorithms, and guide-
lines have further improved the systematic investigation and
identification of related biomarkers. Modern laboratories also
serve a wide spectrum of patient populations spanning from
growth into adulthood and the progression of pregnancy to de-
livery at term in both healthy and pathological states.

Laboratory results are stored in laboratory information systems
that can be queried to retrieve results. Such laboratory informa-
tion systems may contain relevant clinical information that ac-
companied the request or from integrated electronic health re-
cords [24]. Clinical and laboratory information allows for better
stratification of subjects eligible for analysis. Finally, significant
efficiency improvements in computational power and statistical
software have made it possible to analyze vast amounts of data
retrieved from information systems.

The use of retrospective laboratory data to derive clinically rel-
evant biological values is termed the “indirect approach,” “data-
mining approach,” or “big data approach” [24]. Valuable labo-
ratory values derived using this approach include reference in-
tervals [8, 24-26], biological variation data [27-31], and critical
value thresholds [17, 18, 32]. The indirect approach is particu-
larly well suited to derive laboratory values for measurands (e.g.,
biological variation data for therapeutic drugs [31]) and specific
populations (e.g., pediatric population [17, 26, 29, 30, 33, 341])
that are difficult to prospectively examine and recruit owing to
ethical, logistical, and resource challenges.

The requirement for related biomarkers to be measured si-
multaneously across the spectrum of health and pathology im-
plies that the data-mining approach is particularly suited for the
investigation of functional reference limits. These have been in-
creasingly exploited to improve our understanding of physiologi-
cal and pathophysiological processes. They also provide crucial
data to inform the formulation of clinical decision limits [4]. Lab-
oratory professionals are well positioned to unlock the value of
existing laboratory data.

413



ANN
LAB
MED

CLINICAL EXAMPLES OF INDIRECT
APPROACHES TO DERIVE FUNCTIONAL
REFERENCE LIMITS

The indirect derivation of functional reference limits is particu-
larly suited for biomarkers that have clear physiological relation-
ships and are investigated in a systematic manner, including
nutritional markers and biomarkers of homeostasis, hormone
systems, and end-organ dysfunctions. In the following sections,
we present and discuss examples of the application of the indi-
rect (data-mining) approach to derive functional reference lim-
its. It is worth reiterating that these functional reference limits
are specific to the physiological system, clinical condition, or
their combination being investigated.

SERUM FERRITIN AND Hb PARAMETERS IN
IRON-DEFICIENCY ANEMIA

Ferritin is an intracellular protein that stores iron and serum fer-
ritin is an indirect biomarker of body iron stores. A low serum
ferritin concentration is generally associated with an increased
risk of iron-deficiency anemia. The gold standard for defining
iron deficiency is histological evidence of depleted iron stores (by
histological staining) in a bone marrow aspirate. This approach
was used to define the earliest “functional reference limit” for
serum iron and the total iron-binding capacity for iron-deficiency
anemia [35]. However, the highly invasive nature of bone mar-
row aspirates and subijective interpretation of depleted iron
stores/staining limit the use of this approach.

Recently, investigators have established relationships between
serum ferritin concentrations and Hb concentrations and other
erythrocyte parameters in large databases to indirectly derive
functional reference limits for serum ferritin and iron-deficiency
anemia. Asberg, et al. [36] analyzed data from 12,270 subjects
using quantile regression and reported an abrupt downward
shift (i.e., point of inflection) in the Hb concentration when the
serum ferritin concentration fell <20 pg/L and 30 pg/L for
women and men, respectively. Abdullah, et al. [37] applied re-
stricted cubic spline regression to data from 1,257 children
aged between 12 and 36 months and found that functional iron
deficiency began when serum ferritin was <18 pg/L. Markus, et
al. [21] examined laboratory results from 54,896 children and
proposed functional reference limits of 26 pg/L for children be-
tween 4 months and 13 years and of 39 pg/L for children aged
13-18 years using quantile regression models. Foy, et al. [22]
reported a 5% reduction in erythrocyte indices at serum ferritin
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concentrations of 10-25 pg/L based on data from 58,451 hospi-
talized adult patients, whereas Sezgin, et al. [20] found a hema-
tological plateau (where the erythrocyte value difference be-
tween subsequent correlated ferritin values becomes <1) at a
serum ferritin concentration of 10 pg/L. Choy, et al. [38] found
that analytical bias in ferritin measurement procedures between
the Abbott and Siemens platforms did not significantly influence
the functional reference limits. While more studies are required
to confirm this result, the analytical bias in ferritin measurement
found in this study significantly affects the application of clinical
decision limits [38].

Despite the disparate study populations, population age parti-
tions, and statistical definitions, the functional reference inter-
vals established in these studies showed less variability than
conventional lower reference limits, which ranged from 1.6 pg/L
to 66.1 pg/L, as reported by Sezgin, et al. [7]. This highlights the
difficulty in identifying and excluding subjects in the reference
population who may harbor factors that influence the biomarker
of interest in conventional reference interval studies (e.g., in the
case of serum ferritin, inflammatory processes may elevate its
concentration). The indirect approach to deriving serum ferritin
functional reference limits based on Hb concentrations and
erythrocyte parameters has allowed the observation of progres-
sion to physiological decompensation of the different erythrocyte
components [20, 21].

SERUM VITAMIN D, CALCIUM, PARATHYROID
HORMONE, AND ALKALINE PHOSPHATASE
CONCENTRATIONS IN BONE DISEASE

The diagnoses of vitamin D insufficiency (75 nmol/L) and defi-
ciency (30 nmol/L) are based on clinical decision limits. Shah,
et al. [23] extracted laboratory results of 11,855 non-pregnant
adult subjects without chronic kidney disease or other hormonal
disorders from a laboratory information system. They used
piecewise linear regression to examine the data to identify
breakpoints (“knot values”) between serum vitamin D and se-
rum calcium, parathyroid hormone, phosphate, and alkaline
phosphatase concentrations. Breakpoints were identified at a
serum vitamin D concentration of 30 nmol/L, which correlated
with serum calcium, parathyroid hormone, and alkaline phos-
phatase concentrations, although no plateau was observed be-
yond 75 nmol/L serum vitamin D. The authors challenged the
labeling of subjects with vitamin D concentrations of 30-75
nmol/L as being in an insufficient state, given the lack of a
breakpoint (or limit) at these concentrations. While secondary
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hyperparathyroidism was present in 34% of subjects with se-
rum vitamin D <30 nmol/L, hypocalcemia was present in only
6% of the study subjects, with the majority having no biochemi-
cal abnormalities [23].

REPORTING OF FUNCTIONAL REFERENCE
LIMITS

Laboratory reports are generally required to be supplied with an
appropriate interpretative tool to assist the end user in correctly
interpreting laboratory results. This may be in the form of refer-
ence intervals, clinical decision limits, or interpretative com-
ments. Notwithstanding this requirement and its general fulfill-
ment by laboratories, nearly 8% of primary care clinicians are
uncertain of the interpretation of laboratory reports provided [39,
40]. This may lead to an increased risk of erroneous clinical de-
cision making and delayed clinical care. Therefore, it is unsur-
prising that nearly 40% of malpractice claims are associated
with inappropriate laboratory result interpretation [41, 42].

Despite the obvious usefulness of functional reference limits
in aiding laboratory result interpretation, they are not routinely
supplied in laboratory reports. This may be because of a general
lack of familiarity with this laboratory interpretative tool. The pro-
vision of functional reference limits in graphical form and appro-
priate interpretative text will help laboratory professionals appre-
ciate the physiology and pathophysiology of clinical conditions,
which are crucial for the evaluation of laboratory results [6].

The challenge in providing functional reference limits is to po-
sition the patient’s laboratory results relative to the functional
curve. Additionally, interpretative comments should be supplied
according to the specific clinical condition mentioned or ques-
tion raised in the laboratory request, as functional reference lim-
its are specific to a clinical condition. The reporting of functional
reference limits in laboratory reports is an area in which labora-
tory professionals can create added clinical value by filling a
clinical gap. Clinical decision limits are generally translated into
clinical practice guidelines by the relevant specialty using clini-
cal trial data, with limited laboratory professional input [2]. As
highlighted by the serum vitamin D scenario, the publication of
functional reference limits can provide clinical evidence based
on physiological/pathophysiological evaluations instead of arbi-
trary risk thresholds [2]. Such data may be considered to be or-
thogonal supporting evidence for risk-based outcomes that can
be used to determine clinical decision limits.

https://doi.org/10.3343/alm.2023.43.5.408
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LIMITATIONS OF FUNCTIONAL REFERENCE
LIMITS

Some biomarkers may have no functional correlations with other
biomarkers that are routinely measured in clinical laboratories.
For such biomarkers, functional reference limits cannot be de-
termined (e.g., for some tumor markers) [71. The lack of a well-
described approach for deriving functional reference limits in-
creases the probability of generating different values for the
same clinical condition [7]. This includes the minimal data size
(particularly if partitioning is required), the strength of correla-
tion required to define the presence of a relationship, the degree
of change in curvature, the statistical model used, and the sta-
tistical definition of the point of inflection, and sensitivity analysis
may play a role in revealing the robustness of the model output.
More research is required to allow better-informed processes
and practices to produce better-harmonized functional refer-
ence limits.

CONCLUSIONS

Functional reference limits describe key changes in the physio-
logical relationship between a pair of physiologically related
components. Conceptually, they reside between reference inter-
vals, which describe the statistical boundaries of a single bio-
marker within the reference population, and clinical decision
limits that are often linked to the risk of morbidity or mortality
and are often set as thresholds. Functional reference limits pro-
vide important physiological and pathophysiological insights that
can aid laboratory result interpretation.

Laboratory professionals are in a unique position to harness
data from laboratory information systems to derive clinically rel-
evant values. Increasing research on and reporting of functional
reference limits in the literature will enhance their contribution
to laboratory medicine and widen the evidence base used in
clinical decision limits, which are currently almost exclusively
contributed to by clinical trials. Their inclusion in laboratory re-
ports will enhance the intellectual value of laboratory profession-
als in clinical care beyond the statistical boundaries of a healthy
reference population and pave the way to them being consid-
ered in shaping clinical decision limits.
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