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Abstract

Objective: Despite the universal calibration of commercial IGF1 immunoassays to WHO IS 02/254, substantial inter-assay
variability persists, leading to inconsistent patient classification. Harmonization towards a higher-order analytical anchor
may reduce such variability.

Methods: Four matrix-matched, multi-level serum reference materials (RMs) were prepared from donor serum and
value-assigned using an LC-MS/MS method calibrated to WHO IS 02/254. Commutability was assessed according to
IFCC recommendations across four immunoassays (Cobas, iSYS, Immulite, Liaison). Deming regression-based
recalibration equations derived from commutable RMs were applied to patient samples and healthy donor samples.
The primary quantitative endpoint was reduction in standard error of estimate (SEE) relative to the LC-MS/MS method.
Age- and sex-specific LC-MS/MS-anchored reference intervals were constructed as a downstream application.

Results: Prior to recalibration, immunoassays showed positive bias relative to LC-MS/MS of up to 60%. All four RMs were
commutable for Liaison and iSYS, whereas the lowest concentration RM was classified as non-commutable for Cobas
and Immulite. Recalibration towards the LC-MS/MS anchor resulted in marked alignment towards the identity line and
reduced pooled SEE from 7.82 to 4.89 nmol/L (—37.4%) in patient samples and from 7.34 to 2.09 nmol/L (—71.5%) in
healthy samples. Although harmonization effects were assay-dependent at the individual platform level, overall
cross-platform dispersion was substantially attenuated.

Conclusions: Matrix-matched, commutable serum RMs value-assigned by a higher-order LC-MS/MS procedure enable
substantial reduction of inter-assay bias and variability among IGF1 immunoassays. Harmonization towards a
higher-order analytical anchor is achievable in routine practice and provides a robust foundation for consistent
cross-platform interpretation.
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Introduction

Insulin-like growth factor 1 (IGF1) is central to Despite the wuniversal calibration of commercial
the diagnosis and management of growth immunoassays to the WHO International Standard
hormone disorders across the lifespan (1). (IS 02/254) (2), substantial inter-method variability
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persists. Differences in antibody specificity, analyte
dissociation procedures, matrix effects and
susceptibility to interference contribute to systematic
disagreement between platforms. Consequently,
identical patient samples may yield divergent IGF1
concentrations and standard deviation scores (SDSs). In
routine clinical practice, this discordance is further
amplified by differences in method-specific reference
intervals, or by the use of reference intervals
established with a different method, potentially leading
to inconsistent patient classification and therapeutic
decisions across institutions (3, 4, 5, 6, 7, 8, 9).

Calibration traceability to a common international
standard does not in itself guarantee equivalence of
patient test results. Within a metrological traceability
framework, routine immunoassays represent lower-tier
measurement procedures that ideally align to
higher-order methods through commutable reference
materials. A  higher-order LC-MS/MS method,
characterized by superior molecular specificity, can
function as a reference anchor within this hierarchy
(10). Indeed, several IGF1 LC-MS/MS methods have
been published in recent years, showing excellent
analytical performance with respect to selectivity and
imprecision, thereby supporting their suitability as
candidate  reference  measurement  procedures
(11, 12, 13, 14, 15, 16, 17, 18). When matrix-matched,
commutable serum reference materials (RMs) are
value-assigned using such a higher-order procedure,
calibration transfer can occur in a manner that
preserves patient sample commutability and improves
inter-assay alignment (19).

Although a single harmonization sample has previously
been explored for growth hormone (GH1) (20) and found
commutable for IGF1, this sample proved less effective in
reducing the between-laboratory CV for IGF1 compared
to GH within national harmonization efforts in the
Netherlands. Furthermore, no systematic
demonstration has shown that multi-level, commutable
serum RMs spanning the physiological range can
substantially reduce inter-assay bias and variability
across commercial IGF1 platforms. As such, it remains
unclear whether analytical harmonization provides a
sufficiently stable framework to support unified
interpretation using LC-MS/MS-anchored reference
intervals.

The primary objective of this study was therefore to
determine  whether multi-level, matrix-matched
commutable serum RMs, value-assigned by a
higher-order LC-MS/MS procedure, can harmonize
routine IGF1 immunoassays towards an LC-MS/MS
reference anchor. Specifically, we aimed to
demonstrate RM commutability across platforms
according to the criteria and quantify the reduction in
inter-assay bias and variability after recalibration. The
construction of LC-MS/MS-anchored age- and sex-specific
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reference intervals was included as a downstream
application of the harmonized analytical framework.

Materials and methods

Reference material preparation

Four multi-level serum RMs were prepared
from human donor serum obtained from blood
bank collections. Donors were selected to provide
naturally varying IGF1 concentrations spanning the
physiological range. No recombinant IGF1 spiking or
artificial modification (e.g., protein depletion or
charcoal stripping) was performed. To obtain
sufficient volume while preserving matrix integrity, a
maximum of two donations were pooled per
concentration level. Serum aliquots (400 L) were
stored at —80°C until analysis. IGF1 concentrations of
the RMs were value-assigned using a validated
LC-MS/MS  method calibrated against WHO
International Standard 02/254 (11). Value assignment
was performed within a single analytical run
(10-fold replicates) to minimize the impact of
between-run variability on the RM value assignment.
The resulting concentration levels ranged
approximately from 7 to 32 nmol/L (CV: 3.17-3.46%).

Patient and healthy cohorts

For the harmonization and commutability analyses, 42
anonymized patient serum samples (adults and children)
were obtained as leftover material from routine
IGF1 testing and anonymized. The exclusion
criteria included documented growth disorders,
significant hepatic or renal dysfunction, malignancy
and use of medications known to affect IGF1
concentrations. Samples were aliquoted and stored
at —20°C prior to measurement. Healthy volunteer
samples (n = 40) were derived from the Lifelines
population-based Biobank (21).

Immunoassays and LC-MS/MS analysis

Four commercial IGF1 immunoassays currently in use in
the Netherlands were evaluated: Cobas (Roche
Diagnostics, the Netherlands), iSYS (IDS, Germany),
Immulite 2000 (Siemens Healthineers, Germany) and
Liaison (DiaSorin S.p.A., Italy). All assays were
calibrated according to manufacturers’ instructions
and traceable to WHO IS 02/254. Each of the
laboratories performed full calibration and internal
quality control prior to sample measurement. The
intact IGF1 LC-MS/MS method was previously
validated and calibrated against WHO IS 02/254 (11).
The method functions as a higher-order reference
anchor within a traceability hierarchy but is not
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positioned as a formally reference

measurement procedure.

recognized

Commutability assessment and recalibration

Commutability was assessed according to IFCC Working
Group recommendations (22) using the difference-in-bias
approach. We used the Excel sheets provided in the data
supplements of the online version of this article for
calculations. In short, the expanded uncertainty of the
difference in bias between each RM and the clinical
sample bias was calculated according to IFCC
recommendations. This value reflects the combined
influence of analytical imprecision and variability
observed among clinical samples and defines the
confidence limits used for commutability classification.
For recalibration, RMs classified as commutable were
included in calibration modelling. RMs classified as
non-commutable were excluded. Measurements
followed a fixed protocol and were conducted in a
single run, with the RMs placed between the patient
samples and healthy volunteer samples. Each sample
was measured in duplicate. For each immunoassay,
Deming regression (GraphPad Prism, USA) was
performed between immunoassay results and
LC-MS/MS values. Two experiments were conducted:
i) RMs measured alongside patient samples, reflecting
real-world clinical conditions, and ii) RMs measured
alongside healthy volunteer samples (six months later
in different laboratories to assess robustness and to
isolate more structural analytical differences). Deming
regression was used to derive calibration equations
between each immunoassay and the LC-MS/MS anchor
based exclusively on commutable RMs. For Liaison and
iSYS, RM1-4 was included. For Cobas and Immulite, RM1
was classified as non-commutable and therefore
excluded. These equations were subsequently applied
to patient and healthy donor immunoassay results to
generate recalibrated IGF1 values.

Standard error of estimate (SEE)

The primary quantitative indicator of harmonization
success was reduction in the standard error of
estimate (SEE) relative to LC-MS/MS. SEE was calculated
as the square root of the residual mean square
from Deming regression using vertical residuals
(defined as the observed immunoassay value (y) minus
the value predicted (y) from Deming regression against
LC-MS/MS) and n-2 degrees of freedom,

Z(Yi _);i)z

SEE = p—)

SEE was computed before and after recalibration for each
cohort and method separately.
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Bootstrap analysis

To assess statistical robustness of SEE reduction, paired
bootstrap resampling (10.000 iterations) was performed
at the sample level. In each iteration, sample pairs were
resampled with replacement and SEE values were
recalculated for pre- and post-recalibration models.
The distribution of ASEE (SEE_pre — SEE_post) was used

to derive 95% confidence intervals (CIs) and
corresponding P values.

Outlier definition

Outliers were predefined as observations with

studentized residuals exceeding +3 standard deviations
from Deming regression. Cook’s distance was used as a
sensitivity measure. Outliers were retained in the
comparative analyses but removed when calculating
the SEE.

Historical reference dataset and
recalculation procedure

Previously, reference intervals for IGF1 were established
using the Liaison IGF1 immunoassay and included 698
males and 901 females (28% aged 0-18 years and 72%
aged > 18 years). These samples consisted of anonymized
leftover patient materials used for screening purposes
(classified as non-WMO research and therefore exempt
from formal Medical Ethical Committee approval) as well
as samples from healthy individuals participating as
controls in clinical studies (with written informed
consent obtained according to institutional regulations).
Samples were collected in two clinical laboratories, and
each analytical run included a previously developed
harmonization serum sample (introduced in 2004).
Because this historical harmonization sample was
subsequently measured using the LC-MS/MS method
applied in the present study, original Liaison-based
IGF1 results could be recalculated to the LC-MS/MS
reference anchor using established regression
relationships. This recalculation enabled integration of
the historical dataset within the LC-MS/MS-anchored
analytical framework.

Reference interval modelling

For further construction of LC-MS/MS-anchored
reference intervals, serum samples were obtained from
the Lifelines Biobank (the Netherlands), a large
prospective population-based cohort study comprising
167,729 participants across three generations (21). A
total of 1.520 samples (760 males and 760 females; 58%
aged 8-18 years and 42% >18 years) were selected from
apparently healthy volunteers aged 8-94 years. At the
Lifelines site, samples were aliquoted and stored at —80°C
until use. Continuous frozen storage was maintained
throughout handling to preserve sample integrity.
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Age- and sex-specific reference intervals were
constructed using the LMS method (23, 24). L, M, and S
parameters were estimated for each year of age stratified
by sex, enabling calculation of IGF1 standard deviation
scores  (SDSs).  Statistical comparison between
recalculated historical data and newly generated
Lifelines data was made using the Mann-Whitney U
test for non-normally distributed differences. The
Lifelines combined IGF1 normative dataset is publicly
available through the Zenodo repository (25).

Results

Inter-method bias relative to LC-MS/MS

For both the patient and healthy cohort, IGF1
concentrations measured by LC-MS/MS  were
consistently lower than those obtained with
immunoassays. Depending on platform and
concentration range, mean positive bias of

immunoassays relative to LC-MS/MS ranged from
negligible to approximately 60%. Regression slopes and
intercepts for Cobas, iSYS and Liaison demonstrated
substantial deviation from the identity line prior

to recalibration (Fig. 1), confirming persistent
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Figure 1

Baseline comparison of immunoassay IGF1 concentrations versus
LC-MS/MS reference anchor. Orange symbols represent patient
samples; blue symbols represent healthy donor samples. The dashed line
indicates the line of identity (y = x), the solid lines indicate Deming
regression for both sample types. (A) Cobas, (B) Immulite, (C) iSYS

and (D) Liaison.
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inter-method disagreement despite common calibration
to WHO IS 02/254. Detailed Deming regression
parameters are provided in Table 1.

Commutability of matrix-matched reference
materials

Four serum-based RMs spanning approximately 7-32
nmol/L. were evaluated according to IFCC Working
Group recommendations. Commutability acceptance
criteria were defined according to the IFCC
difference-in-bias approach (22). Commutability was
assessed by comparing the difference in bias of each
RM relative to the mean bias of clinical samples at
corresponding concentrations, including calculation of
expanded uncertainty. Regression plots (Fig. 2, panels A,
C, E, and G) showed consistent proportional
relationships between immunoassays and LC-MS/MS
RMs values for Liaison, Cobas and iSYS, whereas
Immulite exhibited a distinct slope pattern,
particularly in the lower concentration range. For
the Liaison and iSYS platforms, all four RMs
fulfilled predefined commutability criteria in the
difference-in-bias analysis (Fig. 2, panels F and H). For
the Cobas platform, three RMs met the commutability
criterion, whereas the lowest concentration
RM (RM1) demonstrated non-commutability, with its
difference-in-bias interval exceeding the predefined
commutability limits (Fig. 2, panel B). Similarly, for
the Immulite platform, RM1 was non-commutable,
while RM2-4 fulfilled the commutability criterion
(Fig. 2, panel D).

These findings confirm that multi-level, matrix-matched
donor serum materials can function as commutable
calibrators across most platforms, while also
highlighting assay-specific matrix sensitivities.

Recalibration towards the LC-MS/MS reference
anchor

Using Deming regression, calibration equations were
derived exclusively from commutable RMs (RM1-4 for
Liaison and iSYS; RM2-4 for Cobas and Immulite) and
applied to patient and healthy donor samples.
Post-recalibration regression lines demonstrated
markedly improved alignment towards the LC-MS/MS
identity line for most immunoassay methods (Fig. 3).

The primary quantitative endpoint was reduction in the
standard error of estimate (SEE), reflecting inter-assay
variability at the patient sample level (Table 2).
Within-cohort, recalibration significantly reduced SEE,
indicating improved agreement with the LC-MS/MS,
for Cobas, Liaison, and iSYS in both cohorts
(bootstrap P < 0.001; positive ASEE; CIs above 0).

However, Immulite worsened in both cohorts
(negative ASEE; bootstrap P = 1.0). Despite this
heterogeneity, the pooled (all assays combined)
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Table 1
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Deming regression parameters of each immunoassay relative to the LC-MS/MS reference anchor before recalibration,

presented separately for healthy and patient cohorts. Slopes and intercepts (with 95% confidence intervals and standard errors (SEs))

quantify baseline proportional and constant bias.

Cohort Method Slope Range of slope SE slope Intercept (nmol/L) Range of intercept
Healthy Cobas 1.43 1.34-1.53 0.047 -3.49 —5.27 to —-1.71
Immulite 0.84 0.81-0.88 0.017 1.76 0.78-2.74
iSYS 1.48 1.34-1.61 0.066 0.82 —1.89 to 3.53
Liaison 1.13 1.06-1.20 0.035 2.56 1.01-4.1
Patient Cobas 1.38 1.26-1.50 0.060 —4.69 —8.38 to —0.99
Immulite 0.99 0.83-1.16 0.081 -3.78 —0.89 to 3.66
iSYS 1.26 1.04-1.47 0.108 -3.78 —9.7 to 2.21
Liaison 1.43 1.19-1.66 0.118 0.90 —4.17 to 5.96
analysis shows a large, statistically robust Overall, these results demonstrate substantial reduction

improvement after recalibration in both cohorts
(ASEE = 5.25 (71.5% reduction) for the healthy cohort and
2.92 (37.4% reduction) for the patient cohort; both P <0.001).
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= x); the solid line represents the Deming regression fit. (B, D, F, H) IFCC difference-in-bias plots (In scale), showing the bias of clinical samples (black dots)
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difference-in-bias criteria.
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Figure 3

Immunoassay IGF1 concentrations after recalibration towards the
LC-MS/MS reference anchor using Deming regression-derived
calibration equations. Orange symbols represent patient samples; blue
symbols represent healthy donor samples. The solid lines indicate the
Deming regression fit after recalibration, and the dashed line represents
the line of identity (y = x). (A) Cobas, (B) Immulite, (C) iSYS and (D) Liaison.
SEE values before and after recalibration are reported in Table 2.

The higher dispersion observed in patient samples likely
reflects bhiological variability rather than analytical
instability, underscoring the importance of evaluating
harmonization in real-world clinical specimens.
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LC-MS/MS-anchored reference intervals as
downstream application

Following demonstration of analytical harmonization,
age- and sex-specific reference intervals were
constructed using LC-MS/MS data from the Lifelines
cohort (n 1,520) supplemented with recalculated
historical data. LMS modelling generated centile curves
and corresponding SDS calculations (Fig. 4). A
comparison between recalculated historical data and
newly generated Lifelines data showed no statistically
significant difference in males (P = 0.061). In females, a
modest difference (P = 0.01) was observed within the
40-60 year age range. This divergence likely reflects
cohort-specific characteristics rather than analytical
instability. Importantly, reference interval construction
is interpreted as a logical extension of demonstrated
analytical alignment. Once immunoassays are
harmonized towards a common LC-MS/MS reference
anchor with substantially reduced inter-assay
variability, application of shared interpretative
frameworks becomes clinically feasible and defensible.

Discussion

This study demonstrates that multi-level, matrix-matched
serum reference materials (RMs) value-assigned by a
higher-order LC-MS/MS procedure substantially reduce
inter-assay bias and variability among most IGF1
immunoassays. Despite universal calibration to WHO IS
02/254, baseline inter-method differences of up to 60%
were observed. Large inter-method discrepancies for
IGF1 immunoassays have been reported previously,
including differences in age-related reference datasets
or SDS (9, 26, 27, 28), yet without implementation of
harmonization interventions. In the present study,
recalibration using commutable RMs reduced pooled
standard error of estimate (SEE) by 37.4% in patient

Table2 Standard error of the estimate (SEE) from Deming regression (2 = 1) comparing immunoassays with LC-MS/MS before (pre) and

after (post) recalibration. Stratified by cohort and assay and for pooled assays within each cohort. ASEE is defined as SEE_pre - SEE_post;

positive values indicate improved agreement after recalibration. Ninety-five percent confidence intervals (CIs) for ASEE were obtained by

percentile bootstrap (10.000 resamples). P values are one-sided. SEE was calculated using vertical residuals with n - 2 degrees of freedom.

Cohort Method n Pre-SEE Post-SEE % Reduction ASEE Lower 95% CI Upper 95% CI P value
Healthy Pooled 156 7.34 2.09 71.5 5.25 4.37 5.97 <0.001
Patient Pooled 159 7.82 4.89 374 2.92 1.58 4.18 <0.001
All Pooled 315 7.64 3.76 50.7 3.87 2.96 4.73 <0.001
Healthy Cobas 39 2.49 1.69 31.9 0.79 0.56 0.96 <0.001
Patient Cobas 40 5.45 3.70 322 1.75 0.94 2.60 <0.001
Healthy Immulite 39 1.67 1.80 -8.1 -0.14 -0.16 -0.10 1.0

Patient Immulite 41 5.43 6.03 =111 —0.60 —-0.98 -0.23 1.0

Healthy iSYS 38 2.61 1.90 27.2 0.71 0.49 0.84 <0.001
Patient iSYS 39 593 4.71 20.6 1.22 0.79 1.57 <0.001
Healthy Liaison 40 2.52 2.09 17.0 0.43 0.34 0.49 <0.001
Patient Liaison 39 6.61 4.12 37.8 2.50 1.46 3.36 <0.001
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LC-MS/MS-anchored age- and sex-specific reference intervals derived
using LMS modelling. (A) females; (B) males. The solid line represents
the median (0 SDS), and dashed lines represent —1.97 and +1.97
standard deviation scores (SDSs), corresponding to the 2.5th and
97.5th percentiles.

samples and 71.5% in healthy donor samples. These
reductions reflect a clinically meaningful decrease in
analytical dispersion at the patient sample level
Positioning LC-MS/MS as a higher-order analytical
anchor within a traceability hierarchy provides a
metrologically coherent framework for interpreting
these findings. Calibration traceability to WHO IS
02/254 alone did not prevent substantial between-assay
structural differences, as reflected by divergent slopes
and intercepts at baseline. In contrast, value assignment
of matrix-matched, commutable serum RMs enabled
recalibration that markedly reduced pooled dispersion,
particularly in the healthy cohort where structural assay
differences dominate over biological variability.

In contrast, Cobas and Immulite demonstrated
non-commutability for the lowest concentration RM.
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For Immulite, recalibration resulted in worsening SEE in
both cohorts (negative ASEE), indicating that structural
assay characteristics were not fully corrected by linear
recalibration using the available commutable RMs. These
findings suggest platform-specific susceptibility to matrix
effects or dissociation inefficiency at lower concentrations
and indicate that recalibration cannot universally
compensate for intrinsic analytical design. In addition
to assay architecture, calibration geometry likely
influenced post-recalibration alignment. Recalibration
was performed using Deming regression derived from a
limited number of multi-level RMs. As with any
regression-based recalibration, the distribution of
calibration  concentrations  determines  statistical
leverage and therefore influences slope and intercept
adjustment. Exclusion of the lowest concentration RM
reduced low-end leverage, which may partly explain
platform-specific heterogeneity in alignment. Thus,
harmonization performance depends not only on
commutability but also on the concentration structure of
the calibration materials.

Analytical harmonization has direct consequences for
clinical decision-making in disorders of the growth
hormone-IGF1 axis. In acromegaly, IGF1
concentrations and corresponding SDS values are
central to diagnosis, assessment of biochemical control
and therapeutic monitoring. Inter-assay bias of up to
60%, as observed prior to recalibration, may shift
patients across decision thresholds (e.g., from mildly
elevated to normal range or vice versa), thereby
influencing treatment initiation or adjustment (4, 5).
The reduction of analytical dispersion through
harmonization decreases the likelihood that assay
choice alone determines classification. Similarly, in
growth hormone deficiency, treatment titration
frequently targets normalization of age-adjusted IGF1
SDS (29). When SDS calculations are derived from
method-specific reference intervals that are not
analytically  aligned, dose adjustments may
reflect analytical artefacts rather than true biological
change. Harmonization towards a higher-order
anchor reduces assay-dependent variability and
supports more consistent longitudinal monitoring,
particularly when patients are followed across
institutions using different platforms. Although
this study did not directly evaluate clinical outcomes,
the demonstrated reduction in analytical
variability provides a mechanistic basis for
improved consistency in diagnostic classification and
therapeutic monitoring.

The presence of extreme discrepancies in a subset of
patient  samples may reflect sample-specific
interferences, including abnormal IGF-binding protein
concentrations, partial dissociation inefficiency or
heterophilic antibody effects (3, 30). Such phenomena
represent inherent limitations of immunoassay
methodologies  rather than  failure of the
harmonization framework. Indeed, harmonization
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towards a higher-order anchor may facilitate
identification of such anomalous samples by reducing
baseline inter-assay variability.

Reference interval construction was intentionally
positioned as a downstream application of
demonstrated analytical alignment. Once inter-assay
variability attributable purely to methodological
differences is substantially reduced, the wuse of
LC-MS/MS-anchored age- and sex-specific reference
intervals becomes analytically defensible. Importantly,
the present study does not claim that universal
intervals are automatically transferable across all
settings; rather, it demonstrates that harmonization
towards a higher-order anchor provides the necessary
analytical infrastructure for such implementation.

Several limitations warrant consideration. First, the

LC-MS/MS method functions as a higher-order
reference anchor but is not established as an
internationally recognized reference measurement

procedure. Second, the concentration range of the RMs,
obtained from healthy persons is limited, while patients
show a much wider range of IGF1 concentrations. Third,
the patient cohort used for recalibration (n = 42) is modest
in size, although sufficient to demonstrate directional
harmonization effects. Fourth, the reference dataset
partly incorporated recalculated historical samples that
included screening-derived patient material whilst a
reference interval derived exclusively from a strictly
defined healthy population might yield slightly
different centile estimates. Finally, external validation
across additional platforms and international settings
remains necessary to confirm generalizability.
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