Clinical Chemistry 00:0
1-10 (2024)

General Clinical Chemistry

Clinical Decision-Making Suffers from Inequivalent
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BACKGROUND:  Appropriate clinical decision-making re-
lies on the interpretation of equivalent measurement results
in the context of valid clinical decision limits. Besides
guideline-based decision limits, reference intervals (Rls)
are commonly used to discriminate between abnormal re-
sults and results from “healthy” individuals. This study
evaluated the suitability of Rls in light of the analytical
bias for laboratories in the Netherlands using one standar-
dized, one harmonized, and one unharmonized measurand
(creatinine, hemoglobin, and ferritin, respectively).

METHODS: Three types of data were collected: (a) exter-
nal quality assessment (EQA) performance data from the
Dutch Foundation for Quality Assurance in Laboratory
Medicine (SKML); (4) the Rls reported by laboratories
for a 55-year-old female; and (¢) harmonized Rls estab-
lished by using unique routine patient results using
RefineR. Routinely used Rls (4) were compared to the
harmonized RlIs (¢) and evaluated in combination with
the analytical bias at the lower and upper reference limits.

RESULTS: Laboratories reported a variety of routinely
used Rls that were inconsistent with the analytical bias,
with differences between measurement procedures. The
use of assays that perform within allowable bias limits
does not automatically guarantee that the appropriate
RI is used, allowing potential for structural misinterpret-
ation of important diagnoses in patients.

CcONCLUSIONS:  The use of Rls that are inconsistent with
the analytical bias causes unnecessary between-laboratory
differences in clinical decision-making. Adopting harmo-
nized Rls facilitates similar interpretation of results across
facilities. Harmonized Rls can be adopted immediately if
the observed bias is acceptable or eliminated, or after
standardization/harmonization of measurands without
complete metrological traceability.

Introduction

Medical doctors employ laboratory test results in clinical
practice by comparing the obtained test results to a pre-
defined threshold value (clinical decision limit, CDL). A
specific CDL commonly used in clinical practice is the
reference interval (RI), where the lower reference limit
(LRL) and upper reference limit (URL) describe the cen-
tral 95% of the values obtained in a “healthy popula-
tion.” In contrast to universally defined CDLs, the RI
is determined or verified by the laboratory itself for the
regional target population (1-5). However, the conven-
tional direct approaches of RI determination require
large numbers of participants and are increasingly re-
placed by indirect determination, with RefineR being
the latest iteration of this approach (6-8).

As clinicians determine the most appropriate med-
ical action, it is essential that both the equivalence of
the test result and validity of the utilized threshold are
established (9, 10). The (in)equivalence of test results,
expressed as the analytical bias, may differ between
measurement procedures and metrological traceability
chains. In the case of harmonized and standardized mea-
surands, compliance with the allowable bias can allow
for the use of (universal) reference intervals and CDLs
(1, 3, 11-13). A mismatch between the analytical bias
and the RI used can result in incorrect interpretation
of results (14). In the era of healthcare centralization,
the use of universal RIs for standardized measurands fa-
cilitates equivalent care for patients being treated at mul-
tiple facilities (14). Although universal Rls are not
applicable for measurands with unharmonized metro-
logical traceability chains, method-consensus Rls per
metrological traceability group could improve equiva-
lent interpretation between facilities (9).
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This study evaluates the combined effect of the ana-
lytical bias and the deviation between routinely used and
harmonized RI on clinical interpretation, using external
quality assessment (EQA) data from Dutch laboratories.
Three measurands with different degrees of standardiza-
tion were chosen based on the availability and claimed
application of methods and materials listed in the data-
base of the Joint Committee for Traceability in
Laboratory Medicine (JCTLM): creatinine, for which
all assays studied claim metrological traceability to the
same JCTLM listed reference material and measurement
procedure; hemoglobin, for which all assays studied
claim metrological traceability to the same JCTLM
listed reference measurement procedure without avail-
ability of a JCTLM listed reference material; and fer-
ritin, for which the assays studied claim metrological
traceability to different WHO reference materials,
which lack traceability to each other (15).

Materials and Methods

MEASURANDS

Participants of the Dutch Foundation for Quality
Assessment in Medical Laboratory Diagnostics (SKML)
were invited to submit their routinely used reference inter-
vals (labRI) for creatinine, hemoglobin, and ferritin for a
55-year-old female. All measurands were evaluated using
data from the corresponding SKML scheme in which their
analytical bias was evaluated. All EQA samples were either
fresh native human blood pools (hemoglobin) or fresh fro-
zen human serum pools (creatinine and ferritin), with
commutability verified for creatinine (16).

DETERMINATION OF REFERENCE INTERVALS

For the determination of the RefineR-based reference
interval (RefineRI), laboratory and demographic data
were anonymously obtained from primary-care female
patients (age 50 to 65 years), measured only once during
the inclusion period (January 1, 2019, to December 31,
2019). Data points from 8 large laboratories with equiva-
lent measurement results (i.e., a sigma-score of 2 or high-
er) were included, as described by den Elzen et al. (4).
RefineR was used to evaluate the LRL and URL of each
measurand using a Box—Cox regression with 200 boot-
straps, with a seed set to 1306 (6). In total, 7 680 creatin-
ine results and 11 106 hemoglobin results were used. For
creatinine, this resulted in a RefineRI-LRL of 0.55 mg/dL
(95% CI, 0.54-0.57 mg/dL), (48.5 pmol/L [95% CI,
47.8-50.3 pmol/L]), and an upper limit of 1.02 mg/dL
(95% CI, 0.99-1.04 mg/dL), (89.9 pmol/L [95% CI,
87.2-91.6 pmol/L]). For hemoglobin, a RefineRI-LRL
of 11.9 g/dL (95% CI, 11.8-12.1 g/dL), (7.4 mmol/L
[95% CI, 7.34-7.52 mmol/L]), and a URL of 15.5 g/dL
(95% CI, 15.3-15.6 g/dL), (9.61 pmol/L [95% CI,
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9.48-9.67 mmol/L]) were established. As the measurand
ferritin is currently not harmonized, no RefineRI could be
determined, resulting in the method-consensus (mcRI)
per WHO internal standard (IS) traceability chains as
the highest order of universal reference interval available
(17). Here, the median of the LRL and URL used per
method-consensus group (respectively, mcLRL and
mcURL) is taken, and associated uncertainty calculated
by taking the median absolute difference (MAD). The
measurement procedures of Abbott and Roche are trace-
able to WHO IS 80/062, Siemens Atellica and Advia to
WHO 1S 80/578, and Beckman Coulter and Siemens
Dimension to WHO IS 94/572 (17-20).

ANALYTICAL BIAS IN RELATION TO THE ROUTINELY USED Rl
To clarify differences between RefineRI and labRI, we ex-
amined the relationship between the analytical bias and
the deviation between labRI and RefineRI at URL and
LRL levels (Fig. 1). Analytical bias was determined using
EQA data with target values from 0.5LRL to 2URL. A
regression fit between target values and sample results es-
tablished the bias at RefineRI or mcLRL and -URL levels
(21). Figure 1, serving as a model for Figs. 36, illustrates
the relationship between the observed analytical bias (bias,
x axis), and the deviation between the laboratory and har-
monized reference intervals (Rldev, y axis). The accept-
ability of both the bias and Rldev depends on the
maximum allowable bias based on biological variation
with the minimum specification based on the EFLM
database [for creatinine, hemoglobin, and ferritin, re-
spectively: 6.3%, 2.5%, and 4.8% (22)]. Within Fig. 1,
areas indicate whether laboratories had a bias within the
acceptable limits at the level of the LRL and URL (Ab)
and/or whether a consistent RI with respect to their
bias was used (respectively Abc and ¢). The result of an
inconsistent RI with respect to the bias can lead to results
that are either misinterpreted as low or as high. For fer-
ritin, in addition to the mcRIs, results were evaluated
against the overall median. The table in Fig. 1 provides
an example of the results where 100% of laboratories
would pass the Abc. In practice, however, several conclu-
sions are possible (table in Fig. 1).

Results

The results for creatinine, hemoglobin, and ferritin are
presented below. Per measurand, the obtained Rls are
presented first. Thereafter, the relationships between
the analytical bias and the deviation between RI are ex-
plored. Here, the impact of using an inconsistent
RI with respect to the bias at the level of the LRL
and URL on the subsequent clinical interpretation is
evaluated.
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Fig. 1. Graphic model for results of Figs. 3-6, displaying the analytical bias on the x axis and the deviation
between the reference interval (RI) used by the laboratory and the harmonized RI (RIdev) on the y axis.
Areas within the figure indicate the areas in which the laboratories perform within the allowable bias
based on biological variation (Ab), use an RI that is consistent to the bias (c), and the combination of
both (Abc). When the bias is inconsistent with the deviation of the Rl used, two types of clinical misinter-
pretation are possible: patient results can be either falsely interpreted as low or high.

CREATININE

Reference Intervals. In total, 46 laboratories, using 98
analyzers, sent in their RI for creatinine (Fig. 2A).
Twenty-one of 46 laboratories had both URLs and
LRLs within the uncertainty of the RI determined by
the squared sums of the RefineRI uncertainty and the
maximum allowable bias based on minimum perform-
ance specifications. In contrast, 14 laboratories had both
discrepant lower and upper limits. Of the remaining 11
laboratories with either a discrepant upper or lower limit,
the majority showed disagreement on the upper limit vs
the lower limit (respectively, 7 and 4 laboratories).

Analytical Bias in Relation to the Routinely Used RI.  The
relationship between the routinely used RI and the ana-
lytical performance was evaluated by plotting the
absolute difference between the RI used and the harmo-
nized RI as a function of the analytical bias at the con-
centration level of the LRL and URL (Fig. 3A and B
respectively).

For the LRL, 52% of analyzers are within the allow-
able bias and use a compatible reference interval (Abc).
Nevertheless, large differences between measurement

procedures exist. Not surprisingly, nonselective Jaffe
measurement procedures, in particular, are unable to
perform within Abc limits (0%) (Fig. 3A, Roche Jaffe,
Siemens Advia, and Dimension). Here, 3/4 Jaffe analy-
zers used an inconsistent RI in respect to their bias, re-
sulting in misinterpretation of results as high (risking
missed diagnosis of cachexia). Although the perform-
ance of analyzers using enzymatic procedures within
Abc is better, it is still far from optimal (54.2%) and
highly variable (range 0% to 100%), due to both hori-
zontal shifts (suboptimal standardization or local bias)
and vertical shifts (unsuitable RI).

For the URL, both enzymatic and Jaffe procedures
perform well within acceptable bias limits (Fig. 3B, Ab).
However, only 58.2% of enzymatic users have an analyt-
ical bias within the allowable limits and additionally
adopted an adequate RI (Fig. 3B, Abc) and this was
true for none of the Jaffe users. Conversely, 9.6% of en-
zymatic users and 25% of Jaffe users have adopted an
URL that is inconsistent with the analytical bias, thereby
enabling false clinical interpretation of patient results as
low (risking missed diagnosis of renal failure, Fig. 3B,
low). In addition, 29.8% and 75% of enzymatic and
Jaffe users, respectively, have adopted an URL that is
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Fig. 2. Reported reference intervals (RI) per la-
boratory compared to RefineRI for creatinine in
mg/dL (multiply by 88.42 for conversion to
pmol/L) (A), hemoglobin in g/dL (multiply by
0.62 for conversion to mmol/L) (B), and ferritin
in pg/L (C). The obtained RefineRI with uncer-
tainty and allowable bias is shown as a vertical
line with shaded bandwidth. Results are
grouped per method indicated, and for ferritin,
methods are additionally grouped per WHO in-
ternal standard generation.
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inconsistent with the analytical bias, leading to increased
misinterpretation of results as high (risking unnecessary
nephrology referrals, Fig. 3B, high). Similarly to the
LRL, large discrepancies between measurement proce-
dures exist that indicate that the ability to make equiva-
lent clinical decisions is dependent on the measurement
procedure used.

HEMOGLOBIN

Reference Intervals. In total, 41 laboratories, participat-
ing with 105 analyzers, provided their RI for hemoglobin
(Fig. 2B). Twelve of 41 laboratories had both URLs and
LRLs within the uncertainty of the RI determined by the
squared sums of the RefineRI uncertainty and the max-
imum allowable bias based on minimum performance
specifications (22), whereas one laboratory had a discrep-
ant LRL and URL (Fig. 2B). Of the remaining 28 labora-
tories with either a discrepant upper or lower limit, all
disagreements were limited to the URL.

Analytical Bias in Relation to the Routinely Used RI.  The
relationship between the routinely used RI and the
analytical performance was evaluated by plotting the ab-
solute difference between the RI used and the harmo-
nized RI as a function of the analytical bias at the
concentration level of the LRL and URL (respectively,
Fig. 4A and B).

For the LRL, 83.8% of analyzers are within the allow-
able bias and use an RI consistent with their bias (Abc),
with similar rates across measurement procedures
(89.4% to 100%) except for Abbott (35.7%). For
Siemens-Bayer and Abbott, the compliance-limiting step
is performing within allowable bias (Ab), whereas, respect-
ively, 100% and 64.3% of these users have an RI consist-
ent with their Ab(c). The remaining 35.7% of Abbott
analyzers use an LRL that is inconsistent with the bias
of these systems, resulting in false normal clinical inter-
pretation and subsequent missed diagnoses of anemia. In
contrast, although all Sysmex XN users meet the allowable
bias criteria, 1.5% and 9.1% of analyzers respectively use
an RI inconsistent with the analytical bias, resulting in
misinterpretation of patient results as low and high (re-
spectively, more missed diagnoses of anemia and more
false-normal clinical interpretations).

For the URL, most measurement procedures are
fully compliant with the allowable bias (Ab), except
for Abbott (71.4%). In contrast, the number of analy-
zers that both comply with Ab and have an RI consistent
with their Ab performance (Abc) is far from optimal
(21.0%) and differs between measurement procedures
(13.3% to 33.3%). These results indicate that the selec-
tion of the appropriate URL is the rate-limiting step in
achieving Abc compliance. Namely, 67.6% of analyzers
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Fig. 3. Relationship between the analytical bias and the discrepancy of the reference interval used at the
concentration level of the LRL (A) and URL (B) for creatinine. Results from different measurement proce-
dures are indicated by different shapes, with median method values as larger versions of the same shape.
The vertical lines represent the allowable bias based on biological variation, with impact on clinical inter-
pretation (correct, falsely high, or falsely low) indicated as diagonally separated areas. The table under-
neath indicates the proportion of analyzers that are within each of the areas as indicated in Fig. 1, for
both LRL and URL. Multiply concentrations and differences in mg/dL by 88.42 for conversion to pmol/L.

have an RI inconsistent with their bias that results in
more false-normal clinical interpretation (low, resulting
in missed opportunities to consider polycythemia), with
notable variation between measurement procedures
(ranging from 42.9% to 80%). Moreover, 11.4% of ana-
lyzers have adopted an inconsistent URL, whereby pa-
tient results can be falsely interpreted as high, which
varies between procedures (range 0% for Other to
28.6% for Abbott and Sysmex-not XN).

FERRITIN

Reference Intervals.  For ferritin, 42 laboratories partici-
pated with 65 analyzers. Figure 2C displays the routinely

used Rls for each of the 3 metrological traceability
chains, based on different versions of the WHO IS.
Overall, LRLs from 10 to 30 pg/L are reported, whereas
the range in URL is as wide as 140 to 400 pg/L. For the
first (WHO IS 80/062, Roche and Abbott), second
(WHO IS 80/578, Siemens, excluding Dimension),
and third (WHO IS 94/572, Beckman Coulter and
Siemens Dimension) generation WHO standardized
methods respectively, 31/53, 3/8, and 2/4 laboratories
had both URLs and LRLs within the uncertainty range
of the RI. Of the remaining 22 WHO IS 80/062 users,
17 and 5, respectively, used one or 2 discrepant reference
limits, all higher than the method-group median. For
WHO 80/578 and 94/572 users, 5/8 and 2/2 had one
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Fig. 4. Relationship between the analytical bias and the discrepancy of the reference interval used at the
concentration level of the LRL (A) and URL (B) for hemoglobin. Results from different measurement pro-
cedures are indicated by different shapes, with median method values as larger versions of the same
shape. The vertical lines represent the allowable bias based on biological variation, with impact on clinical
interpretation (correct, falsely high, or falsely low) indicated as diagonally separated areas (respectively).
The table underneath indicates the proportion of analyzers that are within each of the areas indicated in
the table and Fig. 1, for both LRL and URL. Multiply concentrations and differences in g/dL by 0.62 for

conversion to mmol/L.

discrepant limit (in all cases a low URL for 80/578 and
LRL for 94/572).

Analytical Bias in Relation to the Routinely Used RI.
Next, the consistency between the routinely used Rls
and the analytical bias at the concentration level of the
RIs was established (Fig. 5A and B against overall med-
ians, and Fig. 6A and B per method-consensus group
median).

The overall-median evaluation showed a lack of
consistency between the analytical performance and ref-
erence intervals. Only 7.7% of assays perform within the
allowable bias and have a consistent RI for both the LRL
and the URL (Abc). In comparison to the URL, fewer
analyzers performed within Ab at the level of the
LRL (33.8% vs 80%). Overall, 15.4% and 12.3% of
analyzers have a LRL and URL consistent with their

6 Clinical Chemistry 00:0 (2024)

analytical bias, indicating that the relative analytical per-
formance between method-groups is not accompanied
by an appropriate similar deviation of the RI used.
Therefore, uniform interpretation of ferritin results
across different facilities is not guaranteed.

Ferritin is currently not standardized nor harmo-
nized due to lack of traceability between different meas-
urement procedures: although measurement procedures
are either traceable to the first, second, or third WHO
standard, these WHO standards lack traceability to
each other (17). Therefore, evaluation per method-
consensus median value can provide more detail regard-
ing the performance of laboratories within their groups.

At the level of the LRL, method-specific evaluation
results in slightly increased compliance rates (Fig. 5 vs 6,
Abc: 7.7% vs 12.3%, Ab: 33.8% vs 38.5%). The pro-

portion of users with a consistent RI to the analytical
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Fig. 5. Relationship between the analytical bias and

Fig. 1, for both LRL and URL.

concentration level of the LRL (A) and URL (B) for ferritin. Results from different measurement procedures
are indicated by different shapes, with median method values as larger versions of the same shape.
Median values per WHO IS generation are indicated as the combination of the shapes used for the con-
tributing methods. The vertical lines represent the allowable bias based on biological variation, with im-
pact on clinical interpretation (correct, falsely high, or falsely low) indicated as diagonally separated areas.
The table underneath indicates the proportion of analyzers that are within each of the areas as indicated in

the discrepancy of the reference interval used at the

bias is identical for both evaluations (Figs. 5 and 6, c,
15.4%). In comparison to overall-method medians,
fewer laboratories have adopted an inconsistent RI
when evaluated per method-consensus group. Even so,
the risk of inequivalent clinical interpretation remains:
47.7% to 58.3% of analyzers have adopted an RI enab-
ling the misinterpretation of patient results as falsely
decreased (low), whereas false-normal clinical inter-
pretation of patient results (high) occurs in 30.8% to
36.9% of cases.

At the level of the URL, the evaluation per method-
consensus group as opposed to overall-median evalu-
ation results in better performance (Fig. 5B vs 6B).
Both the proportion of analyzers that perform within
the allowable bias (Ab, 80% vs 98.5%) and the

proportion of laboratories that use an RI consistent
with the bias (c, 12.3% vs 50.8%) are increased.
Interestingly, the proportion of users with a false normal
interpretation remains 40% for both overall- and per-
method evaluation, whilst between these evaluations
the proportions obtained at the individual WHO IS
metrological traceability chains vary.

With bias judged per traceability chain rather than
compared to overall consensus, the WHO IS 80/578
group improved from 75% to 0% (low, in Figs. 5 and
6) for false normal and WHO 94/572 from 75% to
50%. In contrast, for the WHO IS 80/062 users, the
false normal reporting rate increased from 32.1%
to 45.3% when compared to their own group alone.

When judging the likelihood of falsely diagnosed
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£ 94/572 4 25%| 75%| 25%| 25%| 50%| 25%| 75%| 25%| 50%| 25%
X Beckman Coulter 3| 33.3%| 100%| 33.3% 0%| 66.7%| 33.3%| 100%| 33.3%| 66.6%) 0%
Siemens Dimension Vista | 1 0%, 0%, 0%| 100% 0% 0% 0% 0% 0%| 100%)
Total 65| 12.3%| 38.5%| 15.4%| 47.7%| 36.9%| 50.8%| 98.5%| 50.8%| 40%| 9.2%)

Fig. 6. Relationship between the analytical bias and the discrepancy of the reference interval used at the
concentration level of the LRL (A) and URL (B) for ferritin, evaluated per method-consensus group. Results
from different measurement procedures are indicated by different shapes, with median method values as
larger versions of the same shape. Median values per WHO IS generation are indicated as the combination
of the shapes used for the contributing methods. The vertical lines represent the allowable bias based on
biological variation, with impact on clinical interpretation (correct, falsely high, or falsely low) indicated as
diagonally separated areas. The table underneath indicates the proportion of analyzers that are within
each of the areas as indicated in Fig. 1, for both LRL and URL.

hemochromatosis, group-specific bias judgement also
improves overall performance, reducing falsely high re-
ported results from 47.7% to 9.2%. However, this is a
consequence of the improvement of falsely high reported
results from 58.5% to 0% with WHO IS 80/062,
whereas for WHO IS 80/578 and WHO IS 94/572,
performance deteriorates from 0% to 32.1% and
45.3% false high reported results, respectively.

Taken together, there is a lack of consistency be-
tween the analytical bias and the RI used for ferritin,
both when evaluated against the overall-consensus and
per method-consensus group.

Discussion

Correct interpretation of laboratory test results is only
possible when a test result is generated by a measurement
procedure that operates within the allowable bias limits
and is compared to a CDL or RI that is consistent with
assay performance at the relevant concentration level
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(10). The methodology described in this paper aids la-
boratories in determining whether a correction in bias
or a correction of the RI is warranted.

IMPLICATIONS FOR CREATININE, HEMOGLOBIN, AND FERRITIN
The presented examples of creatinine, hemoglobin, and
ferritin illustrate that laboratories often utilize an incon-
sistent RI in relation to their analytical bias, indicating
that there is no analytical justification for the use of an
RI that deviates from a harmonized RI. A possible
explanation is that a shifted RI may be related to a his-
torical analytical bias which has subsequently been cor-
rected without RI correction, or as a result of a
long-term bias. In either case, periodical evaluation of
analytical performance should also include a periodic
verification of the RI. The correct order is to first elim-
inate the source of bias and consequently apply an ad-
equate universal RI for the measurand.

For creatinine, we observed large differences in used
RIs among laboratories, despite analytical standardization
(e.g., only creatinine concentrations between 0.73 and
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Reference Interval (In)Consistency with Analytical Bias

0.80 mg/dL are considered normal by all participating la-
boratories). The between-laboratory variability of Rls likely
arises due to differences in age grouping between laborator-
ies (e.g., 18 to 65- or 50 to 65-year-olds), and is exacerbated
by differences between the measurement procedures used
(enzymatic vs Jaffe) and types of platforms. This illustrates
that equivalence of results cannot rely on standardization
alone but also requires the assays used to be selective
(and, therefore, that nonselective Jaffe methods should
not be used). For the majority of the laboratories, misinter-
pretation of creatinine results is not solely attributable to the
analytical bias or the RI used but a combination of both.
Consequently, cases of cachexia may be missed (for LRL),
whereas discrepancies at the level of the URL can cause ab-
errant referrals or creatinine results falsely interpreted as low
and thus misclassified as normal.

Taken together, the choice of a more selective meas-
urement procedure in combination with careful selection
of the RI used would increase correct interpretation of
creatinine results.

For hemoglobin, the majority of analyzers comply
with analytical performance at both the level of the LRL
and the URL. In contrast, the proportion of users with
an RI consistent with their analytical bias is over 4-fold
higher for the LRL as opposed to the URL (88.6% vs
21.0%). Similarly to creatinine, inconsistencies between
the routinely used RI and analytical bias of hemoglobin in-
creases the risk that patients may not receive adequate care.
At the level of the LRL, cases of anemia may be falsely
missed as hemoglobin results are falsely interpreted as
high. Conversely, at the level of the URL, patient results
appear lower due to a relatively high analytical bias in com-
parison to the RI. The potential clinical impact is that poly-
cythemias may be missed.

For ferritin, both variation within- and between-
WHO IS traceability chains is notable in the Rls which
are used. At both the level of the LRL and the URL, the
measurement procedures with the highest bias utilize the
lowest Rls, which aggravates discrepancies in clinical
decision-making. The large within-manufacturer variation
in the URL used is especially apparent for procedures trace-
able to WHO IS 80/062 and is partially explained by Roche
users reporting Rls for pre- and post-menopausal women,
whereas others reportan Rl irrespective of the menstrual sta-
tus. Potentially, the replacement of laboratory-based Rls
with Rls per method-consensus group allows for more con-
sistent decision-making until standardization can be com-
pleted. However, even within traceability chains, large
differences between individual methods may exist, prevent-
ing equivalent decision-making.

LIMITING CONSIDERATIONS
The strength of this study is the use of (likely) commut-
able (and value-assigned) EQA material in conjunction

with the IFCC-recommended procedure of indirectly
determining reference intervals using RefineR, as this
procedure is robust and can handle large quantities of
pathological data (6). Moreover, the data included
only results from patients measured once during the col-
lection period, using data solely from adequately per-
forming laboratories as established by commutable
category 1 EQA material (7, 8, 22). The obtained Rls
are therefore a representable proxy for a “true” RI but
may marginally differ upon the inclusion of more
data, or adjustment of the age range for which the RI
was established. Whilst the use of a higher or lower har-
monized RI vertically displaces all data points with re-
spect to the LRL and/or the URL in the graphs, such
displacement will not alter the between-laboratory and
between-method differences or their impact on equiva-
lent result interpretation. Therefore, the conclusions re-
garding the inconsistencies established in terms of
clinical decision-making do not depend on the correct-
ness of the RefineRI, highlighting that more variability
in routinely used Rls is present than allowed based on
biological variability. The remaining justification of
laboratory-based Rls is to accommodate expected differ-
ences in populations. Besides the fact that an evaluation
of Rls in different regions of Canada showed no signifi-
cant differences between testing populations in that
country (14), it is doubtful if it is possible to establish
RIs per population when substantial regional differences
are expected. For measurands with differences in RI be-
tween subpopulations, it is preferable that separate Rls
per relevant subpopulation are used, rather than an RI
that “fits all, benefits none” in areas where more than
one of the subpopulations is served by a laboratory, as
is typically seen in large metropolitan areas. The advan-
tage of using indirect RI approaches is that when this in-
formation is known more tailored intervals can be
established and used. A prerequisite herein is that critical
bias is eliminated to both allow for adaptation of univer-
sal Rls as well as guideline-based CDLs. Future studies
need to investigate the source and rationale of the Rls
used for the population served.

Conclusions

Our unique approach investigates how variation of Rls
aligns with analytical bias and its impact on clinical
decision-making. The study reveals that the observed
analytical bias is inconsistent with the Rls used in
many cases, leading to misinterpretation of patient re-
sults. The use of universal RIs (and CDLs) enables
equivalency of care, exchangeability of data, and reduces
workload in establishing these intervals. The 3 measur-
ands presented indicate that similar research for other
measurands is warranted and highlights the need to
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include the post-analytical phase in EQA programs. The
order of action should always start with standardization,
or if not possible, harmonization, and abandonment of
nonselective methods, followed by the elimination of
bias, and the application of an RI that is appropriate
for the intended population for measurement systems
that share the same metrological traceability. Taken
together, the harmonization of laboratory test results
facilitates equivalent clinical decision-making across
facilities, whereas harmonization of laboratory test inter-
pretation is also dependent upon the use of an appropri-
ate, ideally harmonized, reference interval.

Nonstandard Abbreviations: RI, reference interval; EQA, external
quality assessment; CDL, clinical decision limit; LRL, lower reference
limit; URL, upper reference limi JCTLM, Joint Committee
for Traceability in Laboratory Medicine; RefineRI, RefineR-based
RI 1S, internal standard.
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