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Abstract

Acetaldehyde is routinely monitored in neutral alcohol, but pooled precision summaries
can obscure changes in performance across the working range. This study evaluated
446 valid GC-FID verification results obtained by three anonymized analysts on two gas
chromatographic systems (GC 8890 and GC 7890B) at 0.6, 2.5, and 9.0 mg L~!. The analysis
included measured concentration, recovery, relative bias, relative standard deviation (RSD),
confidence intervals, and fixed-effect factorial analysis of variance (ANOVA). Mean recov-
eries for the GC 8890 and GC 7890B systems were 48.7% and 157.2% at 0.6 mg L1, 92.1%
and 124.8% at 2.5 mg L~1, and 92.0% and 103.1% at 9.0 mg L~!, respectively. Recovery
RSD decreased from 47.8% and 18.4% at the lowest level to 4.2% and 3.0% at the highest
level. Type IIl ANOVA identified significant verification-level, analyst, GC-system, and
interaction effects. A contextual comparison with concentration-matched AOAC Appendix
F targets classified both systems as outside the recovery and RSD benchmarks at the lowest
level, showed system-specific partial conformity at the middle level, and placed both sys-
tems within the screening benchmarks at the highest level. The contribution of the study
is an integrated decision framework in which predefined recovery and RSD targets are
interpreted together with factorial interactions to determine when results may be pooled
and when level- or system-specific control is required.

Keywords: acetaldehyde; extra-neutral alcohol; gas chromatography; analytical method
validation; ANOVA,; intermediate precision; recovery; bias; quality control

1. Introduction

Acetaldehyde is a routinely controlled volatile carbonyl compound in neutral alcohol
and alcoholic beverages because its concentration reflects fermentation, distillation, purifi-
cation, and storage conditions. Its determination becomes more demanding near the lower
end of a working range: the analyte is volatile and reactive, and small absolute changes in
detector response can produce large relative errors in an ethanol-rich matrix [1,2]. A reliable
result must therefore demonstrate not only that different concentration levels are separated,
but also that each level is measured with acceptable trueness and precision.

Routine validation reports often summarize accuracy and precision across an entire
range. Such pooling is convenient, but it is difficult to justify when recovery or variability
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changes with concentration, analyst, or instrument. Analysis of variance (ANOVA) pro-
vides a structured way to partition observed variation among predefined factors and their
interactions. In a replicated factorial design, ANOVA is particularly useful for determining
whether an analyst or instrumental effect is stable across concentration levels or whether
its magnitude depends on the level being measured. ANOVA does not establish fitness
for purpose by itself; it must be interpreted with analytical performance measures and
predefined acceptance criteria.

The scientific contribution of this study lies in the integration of two established
practices that are often reported separately. Concentration-dependent recovery and preci-
sion criteria are recognized in analytical-validation guidance, while factorial ANOVA is a
standard method for evaluating crossed experimental factors. The proposed framework
links them through an explicit decision sequence: first, recovery and RSD are evaluated
within each verification-level and GC-system combination; second, factorial interactions
are used to determine whether those combinations may be pooled; and third, the results are
translated into level- and system-specific control actions. The framework is demonstrated
with routine GC-FID verification data for acetaldehyde in extra-neutral alcohol.

The objective was to determine whether the chromatographic procedure performed
consistently across three verification levels and two GC systems under routine laboratory
conditions. The study (i) quantified recovery, relative bias, and RSD by verification level,
analyst, and GC system; (ii) fitted factorial ANOVA models for measured concentration and
recovery; (iii) compared the observed recovery and RSD values with contextual AOAC Ap-
pendix F benchmarks; and (iv) developed a decision framework that connects cell-specific
performance and interaction effects to level-specific acceptance and corrective action.

2. Related Work

The literature supporting this study covers two connected areas: chromatographic de-
termination of acetaldehyde and related volatile compounds in alcoholic matrices, and sta-
tistical approaches for evaluating concentration-, analyst-, and instrument-dependent
analytical performance. The first area establishes the measurement context and the chal-
lenges associated with volatile analytes in ethanol-rich matrices. The second provides the
basis for integrating recovery, relative standard deviation, and factorial analysis of variance
when global performance summaries are insufficient for validation decisions.

2.1. GC=FID Determination of Acetaldehyde in Alcoholic Matrices

Gas chromatography with flame ionization detection (GC-FID) remains widely used
for routine volatile-compound analysis because it offers direct quantification, broad avail-
ability, and manageable operating costs. Direct GC approaches have been reported for
acetaldehyde, methanol, and related volatiles across alcoholic beverages, while fast GC-FID
methods have been validated for spirits and wine [1,2]. Related studies have addressed
method verification in wine, improvements to volatile-compound GC-FID procedures,
and quality-control applications in alcohol-rich matrices [3,4]. Forensic GC-FID validation
and advanced GC-MS quality-control studies illustrate the same need for within- and
between-run evidence under the conditions of use [5,6].

Alternative approaches include headspace GC, GC-MS/MS, multidimensional GC,
microextraction, and rapid colorimetric determination. These methods extend selectivity
or sample-handling options, but they do not remove the need to verify performance at
the concentrations used for routine decisions [7,8]. Recent studies of acetaldehyde and
other volatile risk factors, alcohol-product authenticity, and volatile profiles in specialty
beverages reinforce the practical importance of fit-for-purpose quantitative results [9,10].

https:/ /doi.org/10.3390/appliedmath6080124


https://doi.org/10.3390/appliedmath6080124

AppliedMath 2026, 6, 124

30f15

Headspace applications in forensic alcohol analysis and volatile-impurity studies also show
that calibration, storage, and sample handling can influence the reported value [11,12].

Current analytical developments include microextraction-based workflows and compre-
hensive two-dimensional gas chromatography coupled with chemometric analysis [13,14].
These techniques broaden the analytical toolbox, whereas the present study addresses a
different problem: how to extract defensible validation decisions from replicated routine
measurements generated by two GC-FID systems. Comparable work on ethanol analysis
and chromatographic quality control confirms that method performance must be evaluated
under the same operational conditions in which results are reported [15,16]. Chromato-
graphic data combined with chemometric tools have also supported authenticity decisions,
providing a related example of applied statistical interpretation [17].

2.2. Concentration-Dependent Validation and Factorial Analysis of Variance

ICH Q2(R2), ICH Q14, and Eurachem place the intended use, reportable result,
and working range at the center of analytical validation [18,19]. These documents require
accuracy and precision to be demonstrated over the relevant range but do not prescribe a
universal numerical limit for every analyte and matrix. Eurachem similarly treats fitness for
purpose as the governing principle and recommends that acceptance criteria be specified
before interpreting validation data [20,21]. Lifecycle case studies show how the same risk-
based logic can be used to structure development and subsequent change control [22,23].
For low-level acetaldehyde in extra-neutral alcohol, these principles are directly applica-
ble because the decision risk depends on both the concentration level and the complete
analytical procedure.

AOAC Appendix F provides generic, concentration-dependent performance targets that
can serve as an external screening reference when method-specific regulatory limits are unavail-
able. At nominal mass fractions near 1-10 ppm, the expected recovery range is 80-110%, while
the predicted repeatability RSD decreases from approximately 11% near 1 ppm to 7.3% near
10 ppm [24]. These values are not adopted here as formal compliance limits, because the present
concentrations are expressed in mg L~! and the pooled RSD includes variation among analysts.
They are used to place the observed performance on a recognized analytical scale and to show
how the decision changes across the evaluated range.

Statistically, replicated factorial designs are appropriate when multiple categorical
factors are observed in combination and the study aims to evaluate both main effects and
interactions. A significant interaction indicates that the effect of one factor changes across
the levels of another; in validation terms, it cautions against reporting one pooled estimate
for conditions that behave differently. ISO 5725 describes precision under repeatability,
intermediate-precision, and reproducibility conditions, while ISO/IEC 17025 requires
laboratories to control factors that affect result validity [25,26]. The present analysis uses
factorial ANOVA as an applied model of the observed laboratory design and interprets
it jointly with recovery, relative bias, and RSD rather than as a standalone acceptance
test. Measurement-uncertainty and sampling guidance further caution against transferring
performance estimates across conditions without examining their sources [27,28].

3. Materials and Methods

The methodological workflow comprised four linked components: the GC-FID pro-
cedure and standard preparation; the crossed experimental design and data structure;
the response variables and contextual validation benchmarks; and the factorial analysis-
of-variance implementation. These components are presented in sequence to show how
the chromatographic measurements were converted into recovery, relative bias, relative
standard deviation, and interaction-based evidence for the final validation decision.
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3.1. Chromatographic Procedure and Standard Preparation

Acetaldehyde was determined by GC-FID using the laboratory’s routine quality-
control procedure for extra-neutral alcohol. Two systems were evaluated: an Agilent GC
8890 and an Agilent GC 7890B. Both systems used a flame ionization detector and a mid-
polar capillary column containing 6% cyanopropylphenyl and 94% polydimethylsiloxane.
The column dimensions were 60 m x 0.25 mm i.d., with a 1.4 pm film thickness. Hydrogen
was used as the carrier gas at a constant flow of 1.2 mL min~!, and standards were injected
in split mode.

Calibration was performed by the external-standard approach over 0.2-12.5 mg L.
OpenLab CDS generated a linear calibration function relating acetaldehyde peak area to
the known standard concentration. Peaks were integrated by the valley-to-valley method
within the acetaldehyde retention-time window, and the software calculated the final
concentration from the external-standard curve.

The acetaldehyde stock solution had a nominal concentration of 5000 mg L~! and was
stored at 2-8 °C according to the manufacturer’s instructions. A 100 mg L~! intermediate
solution was prepared from the stock solution. Calibration standards and the three verifica-
tion standards (PV1=0.6 mg L1, PV2=25mg L}, and PV3 = 9.0 mg L~ !) were prepared
by a combined volumetric-gravimetric procedure.

For each preparation, the target concentration and final flask volume were used to
calculate the required aliquot. The mass of the transferred standard solution was recorded
on an analytical balance and used to correct the starting concentration. Working and
verification solutions were then prepared according to the dilution relationship referenced
in Equation (1).

Cstockvaliquot = Ctargetvﬁnalr 1

where Cgiock is the corrected stock or intermediate concentration, Vajiguot is the transferred
aliquot, Crarget is the target concentration, and Vi, is the final volumetric-flask volume.
Each sequence began with a blank, followed by calibration standards in ascending order.
Verification-standard responses were compared with their theoretical values and with
the baseline values obtained after preparation. Re-verification frequency was determined
from current response and control-chart behavior. These controls are relevant for low-
level acetaldehyde because standard stability, blank contribution, carryover, integration,
and sequence conditions can have a disproportionate effect near PV1 [18,29].

3.2. Experimental Design and Data Structure

The experimental structure and missing-data assessment define the observations
available for analysis. The study crossed three anonymized analysts, three verification
levels, and two GC systems. The laboratory data table contained 225 wide-format records,
with nominally 25 replicates for each analyst-by-level combination and paired concentration
results from the GC 8890 and GC 7890B systems. Figure 1 and Table 1 summarize the
design before the analytical results are presented.

Three verification levels

Three anonymized analysts
Analyst 1, Ana-
lyst 2, Analyst 3

> PV1=06DPV2=25
PV3=9.0mg L~}

Two GC-FID systems

225 wide-format records

25 records per an-

GC 8890 and GC 7890B

450 possible measurements

alyst and level

446 valid concen-
tration results

Figure 1. Structure of the verification study and the long-format data set used for analysis.
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The experimental factors, replicate counts, and missing observations are detailed in
Table 1.

Table 1. Experimental design used for the statistical analysis.

Element Description

Matrix Extra-neutral alcohol

Analyte Acetaldehyde, reported as mg L~!

Verification levels PV1=06mgL1;PV2=25mgL~};PV3=9.0mgL"!
Analysts Analyst 1, Analyst 2, and Analyst 3

GC systems GC 8890 and GC 7890B

Replicates Nominally 25 per PV-by-analyst cell on each GC system
Potential measurements 450

Valid concentration results 446
Four observations for PV3, Analyst 1, GC 7890B, replicates

Missing results 2905

The paired system results were converted to long format, and each observation was
linked to its nominal PV concentration. Missing observations were retained explicitly and
excluded only from calculations requiring a measured concentration; no imputation was
performed. The four missing values reduced the PV3 sample size for the GC 7890B from 75
to 71 but did not alter the balance of the other cells.

3.3. Response Variables and Validation Benchmarks

Measured concentration was the direct reportable response. Percentage recovery
placed the three verification levels on a common relative scale and was calculated according
to Equation (2).

Recovery(%) = 100 x 7ccmeasure‘j, 2)
nominal
where Cieasured 15 the reported acetaldehyde concentration and C,,gmina; is the assigned PV
concentration. Relative bias retained the direction of disagreement with the nominal value
and was calculated according to Equation (3).

Relative bias(%) = Recovery(%) — 100. 3)

Precision comparisons were based primarily on the relative standard deviation (RSD),
which is equivalent to the coefficient of variation when expressed as a percentage. For each
PV-by-GC-system or PV-by-analyst-by-GC-system group, recovery RSD was calculated
using Equation (4).

Srecovery

RSD(%) =100 X =——=, 4)
recovery
where Srecovery and Krecovery are the sample standard deviation and mean recovery within
the relevant group. Ninety-five percent confidence intervals for mean recovery were
calculated using the Student ¢ multiplier.

The primary interpretation followed ICH Q2(R2), ICH Q14, and Eurachem: perfor-
mance was assessed against the intended range and the behavior of the complete analytical
procedure [18,20]. AOAC Appendix F was used as a contextual benchmark because it
provides explicit concentration-dependent expectations. For nominal levels near 1-10 ppm,
the expected recovery range is 80-110%; the approximate predicted repeatability RSD is
11% near 1 ppm and 7.3% near 10 ppm [24]. The comparison is deliberately described as
contextual rather than regulatory because mg L~ is not identical to mg kg ! and the study
RSD includes analyst-related variation rather than repeatability alone.
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3.4. Factorial Analysis of Variance and Computational Implementation

Analysis of variance partitions the total variation in a continuous response into com-
ponents associated with categorical factors and residual variation. A factorial ANOVA is
applicable when observations are replicated across combinations of two or more factors
and the purpose is to estimate both main effects and interactions. The present design met
those conditions because verification level, analyst, and GC system were crossed factors
with repeated measurements in each cell. Two fixed-effect models were fitted: one for
measured concentration and one for recovery. The model is defined in Equation (5), where
Gy denotes the GC-system factor.

Yiji = p + PV; + Analyst; + Gy
+ (PV x Analyst)i]- + (PV x G)jx (5)
+ (Analyst x G)jx + (PV x Analyst x G);jx + €ij-

Type III sums of squares were used because four missing PV3 observations made the
design slightly unbalanced. Sum-to-zero contrasts were specified so that each Type III test
evaluated a factor after accounting for the remaining terms. Main effects describe aver-
age differences, whereas interaction terms test whether analyst or GC-system differences
change across verification levels. The ANOVA results were not treated as direct acceptance
criteria; they were interpreted with cell-specific recovery, relative bias, RSD, and external
benchmarks. This use of factor effects to support method understanding is consistent with
practical analytical-quality-by-design tools [30].

All calculations were performed in R version 4.5.2 [31]. Data restructuring and graphics
used the tidyverse collection [32]; variable-name cleaning used janitor [33]; and Type
III tests were obtained with the car package, following the implementation described
by Fox and Weisberg [34]. The workflow retained missing records explicitly, calculated
the validation summaries, fitted the two ANOVA models, and generated the figures.
Appendix A summarizes the computational sequence.

4. Results

The results are organized around the validation decision. Recovery and RSD are
first compared by verification level and GC system, followed by a contextual benchmark
assessment, analyst-specific behavior, and the factorial ANOVA results. The analysis used
the 446 valid observations described in Section 3.2.

4.1. Recovery and Precision by Verification Level and GC System

Table 2 summarizes measured concentration, recovery, RSD, and relative bias by PV
and GC system. The system difference was largest at PV1: mean recovery was 48.7% on
the GC 8890 and 157.2% on the GC 7890B, corresponding to relative biases of —51.3%
and 57.2%. At PV2, the GC 8890 result was closer to nominal (92.1%), whereas the GC
7890B remained high (124.8%). Both systems were closer to the nominal value at PV3,
with recoveries of 92.0% and 103.1%. Recovery RSD also decreased with concentration,
from 47.8% and 18.4% at PV1 to 4.2% and 3.0% at PV3.

Figure 2 shows the same pattern with 95% confidence intervals. The PV1 intervals
are far from 100% in opposite directions, while the PV2 interval for the GC 7890B remains
above 100%. PV3 provides the closest agreement on both systems. The narrow confidence
intervals indicate that these mean shifts were reproducible within the observed data rather
than being driven by a few isolated measurements.
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Table 2. Descriptive validation summaries by verification level and GC system.

Mean Measured Mean Recovery  Recovery RSD Relative Bias

PV GC System n Concentritllon (%) (%) (%)
(mgL™1)
PV1 GC 8890 75 0.292 48.7 47.8 —51.3
PV1 GC 7890B 75 0.943 157.2 18.4 57.2
pPV2 GC 8890 75 2.303 92.1 16.4 -79
PV2 GC 7890B 75 3.120 124.8 7.1 24.8
PV3 GC 8890 75 8.276 92.0 42 —8.0
PV3 GC 7890B 71 9.279 103.1 3.0 3.1
160 GC system
-~ GC 8890
=& GC 7890B

)

N

3

< 120

B

2

E. ______________________________________________

S p -

Q u

e

S 80

D

=

40
PV1 PV2 PV3

Verification level

Figure 2. Mean recovery and 95% confidence intervals by verification level and GC system.

The d

ashed horizontal line indicates 100% recovery.

Figure 3 compares recovery RSD across the three verification levels and the two GC
systems. Relative dispersion was highest at PV1, reaching 47.8% for the GC 8890 and 18.4%
for the GC 7890B; it decreased at PV2 to 16.4% and 7.1%, and at PV3 to 4.2% and 3.0%,
respectively. This concentration-dependent decline shows that a single pooled precision
estimate would not adequately represent the working range and supports level-specific
precision assessment.

50

N
o

Recovery RSD (%)

10

GC system

GC 8890
GC 7890B

47.8

PV1 PV2 PV3
Verification level

Figure 3. Recovery relative standard deviation by verification level and GC system.
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4.2. Contextual Comparison with Concentration-Dependent Benchmarks

Table 3 compares the observed recovery and RSD values with the nearest concentration-
dependent AOAC Appendix F screening targets. At PV1, both systems were outside both
benchmarks. At PV2, the GC 8890 met the recovery range but exceeded the approximate
RSD target, while the GC 7890B had an acceptable RSD but excessive recovery. At PV3,
both systems were within the recovery and RSD screening ranges. This comparison
identifies three different decision states: broad nonconformity at PV1, system-specific
partial conformity at PV2, and provisional conformity at PV3.

Table 3. Contextual screening of observed recovery and RSD against concentration-matched AOAC

Appendix F targets.
AOAC Approx.
PV GC System  Recovery (%) RSD (%) Recovery AOACRSD
Target (%) Target (%)

PV1 GC 8890 48.7 47.8 80-110 <11
PV1 GC 7890B 157.2 18.4 80-110 <11
PV2 GC 8890 92.1 16.4 80-110 7.3-11
PV2 GC 7890B 124.8 7.1 80-110 7.3-11
PV3 GC 8890 92.0 42 80-110 <73
PV3 GC 7890B 103.1 3.0 80-110 <73

Note: AOAC Appendix F targets are based on nominal mass fractions. The present concentrations are reported
in mg L™, and the study RSD pools analysts within each PV-by-system group. The comparison is therefore a
screening reference rather than a formal AOAC conformity assessment.

The PV2 contrast further shows that acceptable relative precision does not compensate for
biased recovery, and that acceptable recovery does not compensate for excessive dispersion.

4.3. Analyst-Specific Recovery and Relative Bias

Table 4 reports analyst-specific recovery and RSD for each PV and GC system.
The largest analyst contrast occurred at PV1 on the GC 8890: mean recovery ranged
from 70.9% for Analyst 1 to 19.4% for Analyst 3. On the GC 7890B, all three PV1 means
were high, ranging from 121.8% to 184.3%. The PV2 system difference persisted for every
analyst. At PV3, recovery and RSD were narrower, although the GC 8890 means remained
slightly low for Analysts 2 and 3.

Table 4. Analyst-specific recovery and RSD by verification level and GC system.

PV Analyst GC System n Mean Recovery (%) Recovery RSD (%)
PVl Analyst 1 GC 8890 25 7091 13.00
PVl Analyst 1 GC 7890B 25 165.36 7.62
PV1 Analyst 2 GC 8890 25 55.87 15.83
PVl Analyst 2 GC 7890B 25 184.35 7.44
PVl Analyst 3 GC 8890 25 19.44 37.57
PVl Analyst 3 GC 7890B 25 121.76 7.98
pv2 Analyst 1 GC 8890 25 95.34 21.44
PV2 Analyst 1 GC 7890B 25 128.76 4.17
pv2 Analyst 2 GC 8890 25 91.11 4.14
pv2 Analyst 2 GC 7890B 25 128.40 8.06
PV2 Analyst 3 GC 8890 25 89.86 17.78
pv2 Analyst 3 GC 7890B 25 117.27 3.72
pPV3 Analyst 1 GC 8890 25 96.18 3.63
PV3 Analyst 1 GC 7890B 21 105.91 2.01
PV3 Analyst 2 GC 8890 25 88.38 1.36
pPV3 Analyst 2 GC 7890B 25 100.50 2.71
PV3 Analyst 3 GC 8890 25 91.32 0.53
PV3 Analyst 3 GC 7890B 25 103.34 1.32
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Figure 4 preserves the direction of the analyst-specific bias. At PV1, the most negative
bias was —80.56% for Analyst 3 on the GC 8890, and the largest positive bias was 84.35%
for Analyst 2 on the GC 7890B. Biases at PV3 were closer to zero for all analyst-system
combinations. The figure shows why analyst effects cannot be interpreted independently
of PV and GC system.

‘ PV1 ‘ PV2 ‘ PV3

Analyst 3 -80.6% 21.8% =-10.1% 17.3% =-8.7% 3.3%

Mean relative
bias (%)

- 50.0

®
>
g Analyst 2 -8.9% 28.4% -11.6% 0.5%
< 0.0
. -50.0
Analyst 1 -29.1% 65.4% -4.7% 28.8% -3.8% 5.9%
GC 8890 GC 7890B GC 8890 GC 7890B GC 8890 GC 7890B
GC system

Figure 4. Mean relative bias by verification level, analyst, and GC system. Negative values indicate
underestimation; positive values indicate overestimation relative to the nominal concentration.

4.4. Factorial Analysis-of-Variance Results

Type III ANOVA results for measured concentration are presented in Table 5. Verifi-
cation level dominated the concentration model because the nominal levels were widely
separated. Analyst, GC system, and all interaction terms were also significant. The three-
way interaction was smaller than the other effects but remained significant at p = 0.048.

Table 5. Type III analysis of variance for measured concentration.

Term Sum of Squares df F p Value
PV 5292.994 2 61,445.03 <0.001
Analyst 6.199 2 71.97 <0.001
GC system 76.333 1 1772.27 <0.001
PV x Analyst 6.489 4 37.66 <0.001
PV x GC system 2.470 2 28.68 <0.001
Analyst x GC system 0.614 2 7.12 <0.001
PV x Analyst x GC system 0.416 4 241 0.048
Residual 18.434 428 - -

The recovery model in Table 6 is more directly connected to validation decisions
because all PV levels are expressed on the same relative scale. Every main effect and
interaction was significant at p < 0.001. The large PV-by-GC-system interaction confirms
that the system difference changed across the working range, while the PV-by-analyst
interaction shows that analyst differences were also concentration-dependent. These
interactions rule out one pooled recovery or precision statement as an adequate description
of the observed design.

The recovery model explained 94.1% of the observed recovery variation, whereas
the concentration model explained 99.7% of measured-concentration variation. The latter
value mainly reflects the separation among nominal levels and should not be interpreted
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as evidence of analytical fitness. In the recovery model, the largest sums of squares were
associated with GC system and the PV-by-GC-system interaction, followed by PV-by-
analyst variation. This ordering is consistent with the descriptive and benchmark results.

Table 6. Type III analysis of variance for recovery.

Term Sum of Squares df 3 p Value
PV 8695.3 2 50.78 <0.001
Analyst 35,326.9 2 206.29 <0.001
GC system 287,333.6 1 3355.70 <0.001
PV x Analyst 45,936.4 4 134.12 <0.001
PV x GC system 193,492.2 2 1129.87 <0.001
Analyst x GC system 4062.3 2 23.72 <0.001
PV x Analyst x GC system 4495.2 4 13.12 <0.001
Residual 36,647.7 428 - -

5. Discussion

The discussion interprets the descriptive and factorial results as components of a
single validation decision rather than as independent statistical findings. It first defines
the contribution of combining concentration-specific recovery and relative standard de-
viation with factorial interactions, and then explains how this evidence supports level-
and system-specific acceptance decisions. The subsequent subsections examine plausible
analytical causes, implications for routine control, consistency with current validation
practice, and the limitations of the available evidence.

5.1. Primary Contribution and Decision Implications

The contribution of this work is an integrated decision process that combines estab-
lished analytical criteria with factorial modeling. Existing guidance already recognizes
concentration-dependent performance and fitness for purpose, but cell-specific analyti-
cal performance and factorial interactions are often reported separately. In the proposed
framework, recovery and RSD determine whether each PV-by-system condition meets a
predefined target, whereas interaction terms determine whether results across verification
levels, analysts, or GC systems can be pooled. This integration is important because a global
concentration model can appear satisfactory even when low-level recovery is unacceptable.

The practical risk is clearest at PV1. Underestimation on the GC 8890 could cause
a sample near an internal action limit to be reported too low, while overestimation on
the GC 7890B could produce unnecessary investigation or product hold. PV2 presents a
different problem: one system showed acceptable mean recovery but excessive relative
variability, whereas the other showed low RSD but excessive positive bias. PV3 was the
only level at which both systems satisfied the contextual recovery and RSD benchmarks.
The data therefore support different actions by level rather than one statement of overall
method acceptance.

5.2. From Factorial Interactions to a Level-Specific Acceptance Framework

The logical connection between ANOVA and acceptance is summarized in Figure 5.
ANOVA does not generate acceptance limits. The limits must be defined from the intended
use, applicable guidance, product requirements, and measurement risk. ANOVA addresses
a separate question: whether the same limit and summary can be applied across the
observed factors. A material or statistically significant PV-by-system or PV-by-analyst
interaction indicates that performance is conditional on concentration and that pooled
estimates can conceal relevant differences.
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3. Fit factorial ANOVA
and inspect PV x
system and PV x

1. Predefine recovery 2. Evaluate each PV
and RSD targets for x GC-system cell and
each verification level analyst-specific pattern analyst interactions

/
All cells meet tar-
gets and no ma-
terial interaction?

Yes No

Pooling may be con-
sidered, subject to
routine control and
intended-use requirements

Retain level- or system-
specific criteria; inves-
tigate the failing condi-
tion before acceptance

Observed study decision: PV1-investigate both systems;
> PV2-system-specific corrective action; PV3—provisional |«
conformity pending confirmation under routine control

Figure 5. Decision framework linking level-specific analytical targets and factorial interactions to
pooling, stratification, and corrective action.

Applied to the present data, the framework produces a clear sequence. PV1 fails both
recovery and RSD screening on both systems, so neither pooling nor routine acceptance
is supported. At PV2, the two systems fail different criteria, and the large PV-by-system
interaction indicates that system-specific investigation is required. At PV3, both systems
meet the contextual benchmarks; however, provisional acceptance should still be confirmed
with predefined laboratory criteria and routine-control evidence. The framework therefore
translates the statistical model into an operational rule without treating a p value as
a specification.

5.3. Likely Analytical Causes and Routine Control

The data do not identify the physical cause of the system-dependent bias. Plausible
sources include calibration preparation, standard stability, injection-system condition,
response-factor estimation, peak integration, blank contribution, carryover, and sequence-
level drift. Acetaldehyde volatility makes low-level standards especially sensitive to vial
sealing, handling time, storage, and headspace conditions [12,29]. The opposite PV1 biases
on the two GC systems are unlikely to be resolved by adding more pooled replicates; they
require targeted review of chromatograms, calibration residuals, standard-preparation
records, blank responses, maintenance history, and integration settings.

Routine control should track PV1, PV2, and PV3 separately. Each control chart should
use limits established after corrective action and confirmation of stable performance. An-
alyst checks should also be stratified by level because the heatmap and PV-by-analyst
interaction show that analyst effects were greatest at PV1. If the two GC systems are
intended to be interchangeable, equivalence should be demonstrated prospectively with
common standards, balanced sequences, and explicit system identifiers.

5.4. Relation to Current Validation Practice

The proposed framework extends current practice by specifying how established
guidance and factorial evidence are combined. ICH Q2(R2) and Eurachem require prede-
fined criteria across the reportable range but leave the numerical limits to the intended
use [18,20]. AOAC Appendix F supplies concentration-dependent screening values that
make the range effect visible, while factorial ANOVA determines whether analyst and
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GC-system effects are sufficiently stable to support pooled reporting. The framework does
not replace method-specific criteria; it provides a reproducible rule for deciding the scale at
which those criteria should be applied.

This interpretation is consistent with the analytical-procedure lifecycle described in
ICH Q14 and recent implementation work [19,35]. Validation is not complete when a
single favorable statistic is obtained. It requires knowledge of where the method is reliable,
where additional control is needed, and which operational factors must remain monitored.
Measurement-uncertainty guidance leads to a similar conclusion: uncertainty should reflect
the conditions relevant to the reported result rather than borrow low-level behavior from a
more stable high-level condition [36,37]. Improved approaches to expanded uncertainty
likewise depend on a defensible characterization of the underlying variability [38].

5.5. Limitations

The study has five principal limitations. First, it evaluates one analyte in one matrix
and one laboratory. Second, the design treats the three analysts and two GC systems as fixed
observed factors; broader generalization would require a prospective mixed-effects design
with days, calibration batches, and independently prepared standards. Third, the pooled
PV-by-system RSD includes between-analyst variation and is therefore not identical to
AOAC repeatability RSD. Fourth, AOAC concentrations are expressed as mass fractions,
whereas the present study reports mg L~!; the benchmark comparison is contextual. Fifth,
the available results did not include the numerical blank, certified-reference-material,
and spiked-sample data needed for a complete validation and uncertainty budget.

The known chromatographic conditions support interpretation of the verification
results, but independent reproduction would also require full reporting of injection volume,
split ratio, inlet and detector temperatures, oven program, and retention-time window.
Future work should use independently prepared low-level standards, balanced runs across
GC systems and analysts, and predefined acceptance criteria linked to the laboratory’s
decision limits. A mixed model would then permit estimation of variance components
for analyst, system, day, calibration, and preparation effects in addition to the fixed-effect
comparisons reported here [21,25].

6. Conclusions

The GC-FID procedure did not perform uniformly across the evaluated range. At PV1,
both GC systems were outside the contextual recovery and RSD benchmarks and showed
large biases in opposite directions. At PV2, the GC 8890 showed acceptable mean recovery
but excessive RSD, while the GC 7890B showed acceptable RSD but excessive positive bias.
At PV3, both systems were within the screening benchmarks and had RSD values below 5%.

Factorial ANOVA showed that verification level, analyst, GC system, and their interac-
tions affected recovery. The PV-by-system and PV-by-analyst interactions are the statistical
basis for rejecting one pooled acceptance statement: performance depended on the concen-
tration level and operating condition. The integrated framework developed here combines
predefined recovery and RSD targets with factorial interactions to decide whether results may
be pooled or require level- and system-specific control. For the present procedure, corrective
investigation is required at PV1 and PV2 before routine low-level acceptance can be supported,
whereas PV3 provides the strongest basis for provisional routine use.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/appliedmath6080124 /s1: Table S1. Anonymized acetaldehyde
verification data used for the validation summaries, recovery and bias calculations, and factorial
ANOVA models.

https:/ /doi.org/10.3390/appliedmath6080124


https://www.mdpi.com/article/10.3390/appliedmath6080124/s1
https://www.mdpi.com/article/10.3390/appliedmath6080124/s1
https://doi.org/10.3390/appliedmath6080124

AppliedMath 2026, 6, 124

13 of 15

Author Contributions: Conceptualization, ].C.-C. and D.d.J.R.-R.; methodology, ].C.-C.; formal analy-
sis, C.D.C.-A.; data curation, C.D.C.-A; writing—original draft preparation, J.C.-C. and D.d.J.R.-R.;
writing—review and editing, CD.C-A; supervision, ].C.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The anonymized experimental data supporting the results of this study
are provided as Supplementary Table S1. The computational workflow used to organize the data,
calculate validation summaries, fit the factorial ANOVA models, and generate the manuscript figures
is described in Appendix A.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT (version
5.5, OpenAl) for limited language editing and stylistic refinement. No generative Al tools were used
for study design, data collection, data analysis, or interpretation of results. The authors reviewed and
edited all Al-assisted outputs and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A. Computational Workflow and Pseudocode

This appendix summarizes the computational workflow used to organize the acetalde-
hyde verification data, calculate validation summaries, fit the factorial ANOVA models,
and generate the manuscript figures. Data manipulation and graphics used tidyverse [32];
variable-name cleaning used janitor [33]; Type Il ANOVA used car [34]; and linear
models used the base R stats package [31]. The appendix documents the analytical
logic of the models described in Section 3.4 rather than serving as a software supplement.
The anonymized experimental data are provided as Supplementary Table S1.

1.  DefinePV1=0.6mgL !, PV2=25mgL !, and PV3=9.0mg L.

2. Import the wide-format table containing analyst, PV, replicate, area, and paired GC-
system concentration results.

Anonymize analysts and map the paired results to the GC 8890 and GC 7890B systems.
Convert the table to long format and retain missing concentration entries explicitly.
Join each observation to its nominal PV concentration.

Calculate recovery and relative bias according to Equations (2) and (3).

Calculate recovery RSD according to Equation (4) for each required grouping.

P NG

Exclude missing values only from calculations that require a measured concentration;

do not impute.

9. Summarize n, mean concentration, mean recovery, relative bias, recovery RSD,
and 95% confidence intervals by PV, GC system, and analyst.

10. Set sum-to-zero contrasts and fit the two fixed-effect models:

Cieasured ~ PV X Analyst x GCSystem,

Recovery ~ PV x Analyst x GCSystem.

11. Estimate Type IIl ANOVA tables and report sum of squares, degrees of freedom, F
statistic, and p value.

12.  Compare PV-by-system recovery and RSD with the contextual AOAC Appendix F
benchmarks.

13.  Generate the recovery confidence-interval figure, recovery-RSD figure, relative-bias
heatmap, and decision-framework diagram.

14. Interpret the ANOVA interactions jointly with the cell-specific performance results;
do not use the p values as acceptance limits.
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