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Abstract

Reproducibility in science, particularly in fields that develop and apply analytical methods, such as analytical chemistry
and related disciplines, has been increasingly questioned. A survey by Monya Baker (2016) indicated that most researchers
acknowledge a reproducibility crisis. Frequently cited causes include low statistical power or poor analysis, insufficient rep-
lication in the original laboratory, unavailability of methods, poor experimental design, and absence of raw data. Chemistry
was the field in which researchers most frequently reported difficulty reproducing both their own and others’ experiments.
This study was conducted to confirm the existence of this crisis in analytical methods, quantify its extent, and evaluate its
relationship with method validation and measurement uncertainty, which are based on statistical approaches and metrologi-
cal principles, using the Analytical Quality Assurance Cycle. The results suggest that the crisis is directly associated with
incorrect statistical procedures, inadequate validation criteria, and deficient execution of performance characteristics, fac-
tors that directly contribute to elevated measurement uncertainty. In 28% of the evaluated methods, expanded uncertainties
exceeded 100% at the first point of the linearity assessment, compromising both result reliability and metrological traceability.
These observations support concerns from previous studies regarding statistical errors, insufficient replication, and limited
methodological transparency. Enhancing statistical training and quality assurance in academic programs, broader adoption
of open science practices, and clearer policies aligned with international guidelines, such as EURACHEM, ISO/IEC 17025,
and the OECD Principles of Good Laboratory Practice, may improve the reproducibility and reliability of analytical research.

Keywords Reproducibility - Analytical methods - Measurement uncertainty - Method validation - Metrological
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Introduction

Scientific reproducibility has drawn increasing attention
from the scientific community in recent years [1-8]. Data
presented in the 2016 article “1,500 scientists lift the lid on
reproducibility” [1] indicate that researchers from various
fields acknowledge the existence of a reproducibility crisis.
According to the survey, the main causes identified by the
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respondents include insufficient knowledge and inadequate
application of statistical tools, as well as poor replication of
experiments within the original laboratories.

This study [9] investigates the existence of this crisis,
quantifies its extent within analytical chemistry and related
areas, and explores its association with key contributing fac-
tors, particularly method validation [10-16] and measure-
ment uncertainty [17-22], as represented by the Analytical
Quality Assurance Cycle (AQAC) [23].

Methods

This research was developed based on the Analytical
Quality Assurance Cycle (AQAC) [23], a diagram that
clarifies the interrelationships among method validation,
measurement uncertainty, and analytical quality controls
[13, 28] and illustrates how these quality assurance [13,
14] concepts are integrated to ensure traceable and reliable
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results. Supported by metrological traceability [13, 14, 17,
18, 23], method validation establishes whether a method is
fit for its intended purpose, while measurement uncertainty
quantifies the reliability and dispersion of the result. Con-
tinuous monitoring through quality control tools is essen-
tial to maintain method reliability [13-28].

Method validation confirms whether an analytical pro-
cedure developed for a particular objective has met its spe-
cific requirements [14, 18]. Once a method is validated,
results obtained under the same conditions can be consid-
ered valid. However, to ensure the persistence of analytical
performance over time, appropriate quality control (QC)
strategies are required, so that results remain in conformity
with the validation acceptance criteria [13, 17, 23].

However, according to the International Vocabulary of
Metrology (VIM) [18], the true value of a quantity is, in
principle and practice, unknowable [18]. Some approaches
assume that no single true value exists, but rather a set
of true values, due to the inherently incomplete detail in
defining a quantity [18]. Other approaches disregard the
concept of a true value altogether, considering instead that
the validity of a measurement result depends on its met-
rological compatibility and traceability [18]. In summary,
the statement of a measurement result is only complete
when the assigned value is accompanied by its associated
measurement uncertainty.

Some performance characteristics evaluated during
method validation, such as linearity, precision, and accu-
racy, can be used as sources of uncertainty, as presented
in the AQAC diagram [23]. Therefore, in this study, the
measurement uncertainty associated with method valida-
tion is used as the statistical tool to assess the quality of
results from analytical methods published in scientific
literature.

Based on these results, the objectives of this study are
to:

a) Investigate the existence of a reproducibility crisis in
analytical chemistry and related fields;

b) Determine whether method validation was appropriately
applied and whether suitable validation protocols were
used;

c) Evaluate, using previously validated software (ConfLab
Validation and ConfLab Uncertainty) [29], whether the
mathematical calculations and statistical tests employed
in method validation are correct and sufficient;

d) Identify the most common errors found in method vali-
dation practices;

e) Assess whether the findings from items (a) to (d) are
related to the estimation of measurement uncertainty;
and

f) Investigate whether a relationship exists between item
(e) and the reproducibility crisis.
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The performance characteristics of method validation
[11-14] and their corresponding uncertainties were exam-
ined to investigate potential sources of the scientific repro-
ducibility crisis in analytical chemistry. The analysis encom-
passed academic and scientific documents that reported the
development of analytical methods, including articles, the-
sis, and dissertations retrieved from online platforms, data-
bases, and virtual libraries.

Verifications were conducted by comparing the method
validation results reported in the documents with those
recalculated using ConfLab Software [29], a validated tool
commonly employed in laboratories accredited under ISO/
IEC 17025 [13] and OECD Principles of Good Laboratory
Practice [14].

The validation performance characteristics [11-13] were
recalculated from the raw data available in the selected docu-
ments using ConfLab Validation Software [29], which was
considered the reference (or correct) value. The associated
expanded measurement uncertainty for each performance
characteristic was calculated using ConfLab Uncertainty
Software [29], evaluating three different concentration lev-
els per method.

The validation performance characteristics [11-13] con-
sidered in the analysis included linearity, precision, interme-
diate precision, accuracy, limit of quantification (LOQ), limit
of detection (LOD), and expanded measurement uncertainty.

Results and discussion

Most (59%) of the analytical methods evaluated were found
in articles from various countries, which constituted the pri-
mary focus of the analysis. However, due to the frequent
unavailability of raw data in these publications, additional
documents, such as theses, dissertations, and undergraduate
final papers, were also included to allow a more complete
assessment. This limitation directly reflects the issues high-
lighted by researchers in the referenced survey [1], which
identified “methods, code unavailable” and “raw data not
available from original laboratory” as major contributors
to irreproducibility. These deficiencies compromise metro-
logical traceability by hindering the verification of analytical
results. The inclusion of academic works in this study is
further justified because methods developed and validated
in such contexts are often later published in peer-reviewed
journals.

The selected articles were published in journals with an
average impact factor of 4, placing them among the top 25
analytical chemistry journals worldwide, out of 120 indexed
in the SJR—Scimago Journal & Country Rank [30, 31]. The
thesis, dissertations, and undergraduate papers evaluated
were produced at the top ten-ranked Brazilian universities,
which are positioned between the 400th and 500th places
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among 1300 institutions in the QS World University Rank-
ings [32, 33].

Validation

The main aspects evaluated regarding method validation
included the application of protocols about conformity with
the analytical conditions required for the assessment of per-
formance characteristics [10-15], the acceptance criteria for
these results, the mathematical calculations and statistical
tests used for performance characteristics, the presentation
of results, and the adequacy of metrological traceability and
the information provided.

As an evaluation criterion, when the method developer
failed to apply an appropriate protocol to define the analyti-
cal conditions and acceptance criteria for assessing perfor-
mance characteristics, their understanding of the objective
and scope of the analytical technique under development was
deemed insufficient or unsatisfactory.

As shown in Fig. 1, the assessment of performance char-
acteristics and the analytical conditions adopted during vali-
dation revealed deficiencies in most methods, with many
cases classified as unsatisfactory, insufficient, or inadequate.
This is evident in the results derived from the incorrect or
incomplete application of procedures and statistical calcu-
lations used to evaluate these characteristics, findings that
are consistent with the concerns raised by researchers in the
article ““1,500 scientists lift the lid on reproducibility” [1].

With respect to protocol application, 47% of the authors
utilized the appropriate validation protocol. However, even
among these, 63% failed to execute all required performance
characteristic studies, and 81% did not apply the prescribed
analytical conditions. Linearity was the performance char-
acteristic with the most significant impact on validation

Fig.1 Overview of method
validation results. Inadequate
application of validation proto-
cols, incomplete assessment of
required performance charac-
teristics, and frequent inconsist-
encies in statistical treatment
compromise the validity of
analytical methods

of the method

@ 59% relied on multiple or conflicting protocols to
define analytical conditions and acceptance criteria

@ 82% did not understand the application context

® 81% did not adhere to the analytical
conditions required by the protocols

conclusions, as all cases exhibited methodological deficien-
cies, either in statistical treatment (inappropriate selection
of regression metrics and omission of significance testing)
or in failure to follow established protocols.

These deficiencies are consistent with the reproducibility
challenges identified by researchers in the referenced study
[1], including “low statistical power or poor analysis,” “poor
experimental design,” and “not replicated enough in origi-
nal laboratory.” Intermediate precision evaluations were
frequently insufficient, and only 8% of the studies cited or
reported the use of calibrated equipment, undermining met-
rological traceability.

Such traceability deficiencies compromised result reli-
ability and raised concerns about the studies' methodologi-
cal rigor. Figure 1 summarizes the assessment outcomes,
identifying three major deficiencies in method validation:
inadequate protocol application, calculation errors, and
insufficient metrological traceability.

Uncertainty results

Measurement uncertainty was calculated using ConfLab
Uncertainty Software [29] based on the performance char-
acteristics obtained from method validation data. Since only
one document explicitly reported uncertainty values, only
evaluations could be performed rather than comparisons.
The study adopted the EURACHEM/CITAC approach
[1] for uncertainty estimation, expressing results as
expanded uncertainties, calculated as the product of the
combined standard uncertainties and the coverage factor.
As only the uncertainties associated with method vali-
dation performance characteristics were considered, the
reported values may be underestimated in broader con-
texts. Based on the calibration curve, uncertainty was

5 47% followed the appropriate protocol

. 63% did not conduct all required assessments of
'® performance characteristics

56% provided raw data’' g

28% used internal
standard when required

8% cited or used calibrated
equipment

Aspects on Validation of Methods Inadequate and
Insufficient
Conformity with protocol + Calculations & Traceability

requirements

r"*«

86% did not perform the correct calculation for LOD @

79% did not perform the correct calculation for LOQ @

78% did not perform the correct calculation for g,

Intermediate Precision

100% of the linearity studies did not perform sufficient @
statistical tests or correct calculations
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assessed at three concentration levels for each method,
namely low (or limit of quantification), medium, and high.

At the low concentration level, only 43% of the
expanded uncertainty values were considered acceptable
(<40%), 29% were questionable (40-100%), and 28% were
aberrant (> 100%) (Fig. 2). In approximately 80% of the
cases, the standard uncertainty derived from linearity was
the dominant contributor to the expanded uncertainty, fol-
lowed by intermediate precision.

Figure 2 presents the distribution of expanded uncer-
tainty results at the lowest concentration level assessed.
Acceptable uncertainties (<40%) were observed in 43%
of the validations, while questionable values (40-100%)
accounted for 29%, and aberrant uncertainties (> 100%)
were found in 28% of the cases.

Expanded uncertainty results above 40% indicate a
low probability of obtaining values close to the measured
result upon repetition of the method. Values exceeding
100% suggest an almost negligible probability of obtain-
ing results near the expected value. This variability arises
from the high dispersion of values associated with meas-
urements obtained using the evaluated methods, even
when analysis conditions, equipment, and analysts remain
unchanged.

Fig.2 Classification of
expanded uncertainty results at
the lowest concentration level
studied (LOQ) Only 43% of

the results presented accept-
able expanded uncertainty
values (<40%), while 29% were

questionable (40-100%), and ACCEPTABLE
28% exceeded 100%, indicating
critically low measurement reli-
ability at this level
Y 1RO,
T /0

Expanded uncertainty

less than 40%

Fig.3 Highlights and key
observations on method valida-

tion and uncertainty. Note the Only
critically low percentages of

adequate protocol implementa- 1 9 %
tion and complete assessment

of performance characteristics, Only
highlighting methodological (1)
deficiencies that compromise 1 7 A)
metrological traceability and Only
reproducibility in analytical

results 43 %

Authors who applied the performance characteristics according to the protocol

Validations in which all performance characteristics met the acceptance criteria

Expanded uncertainty results that showed acceptable values (<40%) at the lowest

Such variability reflects a central aspect of the reproduc-
ibility crisis previously discussed in the literature [1-8], par-
ticularly the insufficient use of and limited knowledge about
statistical tools, which has been identified as one of the most
critical contributing factors. These aspects are summarized
in Fig. 3.

Measurement uncertainty can also be directly linked
to the reproducibility crisis, considering its definition: “a
parameter characterizing the dispersion of the values being
attributed to a measurand, based on the information used”
[17, 18]. As illustrated in Figs. 1, 2, and 3, higher uncer-
tainty levels, especially stemming from improperly validated
methods, lead to greater dispersion in measured values and
lower probabilities of obtaining results close to the expected
ones.

This relationship is clearly illustrated in the Analytical
Quality Assurance Cycle (AQAC) diagram [23], in which
method validation directly influences measurement uncer-
tainty, and both impact the reliability and metrological trace-
ability of analytical results. According to ISO/IEC 17025
[13], validation is defined as the demonstration, through
objective evidence, that a method is fit for its intended
purpose. When this process is conducted inadequately,
whether due to the adoption of incorrect acceptance criteria,

EXPANDED UNCERTAINTY RESULTS

Classification of expanded uncertainty values (%) at the lowest concentration level studied

ABERRANT

28%

297

Expanded uncertainty
more than 100%

Percentage Description

appropriate for the developed method..

defined by the correct protocol.

concentration levels evaluated during the validations.
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inappropriate application of statistical tools, or incomplete
evaluation of performance characteristics, the method fails
to meet its intended purpose, as it is unable to consist-
ently produce results close to the expected values due to
high associated uncertainty. These deficiencies propagate
throughout the development and application of analytical
methods, increasing variability and ultimately compromis-
ing their reproducibility. Therefore, method validation and
measurement uncertainty are interdependent and form a
causal chain at the core of the reproducibility crisis.

Conclusion

So, is everything wrong? No. But this study confirms that
scientists and researchers' highlighted challenges regarding
the difficulty of reproducing or obtaining consistent results
are justified. This is supported by observing extremely high
measurement uncertainty values, primarily resulting from
deficiently conducted method validation. Fundamental pil-
lars, such as method validation, measurement uncertainty,
and traceability, are often applied inadequately and incom-
pletely. These deficiencies directly intensify the reproduc-
ibility crisis and must be addressed to restore confidence in
analytical results.

A collective effort across academia, laboratories, and
editorial standards will be essential to rebuild trust in the
scientific process. The following actions may help mitigate
the reproducibility crisis:

a. Universities should include courses on chemical metrol-
ogy, particularly applied aspects such as method vali-
dation and uncertainty estimation, as well as quality
management systems in laboratories, including ISO/IEC
17025 [13] and the OECD Principles of Good Labora-
tory Practice [14].

b. If formal implementation of a quality management sys-
tem [13, 14] is not feasible, research institutions can
adopt relevant principles to ensure the technical compe-
tence of their laboratories. As an alternative, consistent
application of AQAC principles [23] is recommended,
including implementing quality control and assurance
procedures to support traceability and reliable results.

c. Scientific journals should define minimum requirements
for method validation and uncertainty reporting as a pre-
requisite for manuscript acceptance.

d. The EURACHEM/CITAC Guide [17] should be used
for uncertainty estimation with the same level of impor-
tance as method validation, to promote standardization
of uncertainty calculations across research studies.

These results justify and confirm the concerns raised
by researchers in the survey [1], particularly those related

to poor statistical practices, insufficient replication, and
restricted access to essential methodological data, all of
which were also identified in this study as key contribu-
tors to irreproducibility in analytical chemistry. This study
contributes to a better understanding and implementation
of analytical quality assurance, supporting laboratories in
achieving greater reliability, scientific credibility, and regu-
latory compliance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00769-025-01649-7.
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