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Abstract

Objectives: Hormone measurements using automated
immunoassays (IAs) can be affected by the sample matrix.
Liquid chromatography tandem-mass spectrometry
(LC-MS/MS) is less affected by these matrix effects. In clin-
ical laboratories, testosterone, cortisol and, free thyroxine
(FT4) are often measured using IAs. Renal failure alters
serum composition in blood samples from people

*Corresponding author: Annemieke C. Heijboer, Department of Clinical
Chemistry, Endocrine Laboratory, Amsterdam UMC Location Vrije
Universiteit Amsterdam, Amsterdam, The Netherlands; Amsterdam
Gastroenterology, Endocrinology & Metabolism, Amsterdam, The
Netherlands; Department of Clinical Chemistry, Endocrine Laboratory,
Amsterdam UMC Location University of Amsterdam, Meibergdreef 9, 1105
AZ Amsterdam, The Netherlands; and Amsterdam Reproduction &
Development Research Institute, Amsterdam, The Netherlands,

E-mail: a.heijboer@amsterdamumc.nl

Heleen I. Jansen, Department of Clinical Chemistry, Endocrine Laboratory,
Amsterdam UMC Location Vrije Universiteit Amsterdam, Amsterdam, The
Netherlands; Amsterdam Gastroenterology, Endocrinology & Metabolism,
Amsterdam, The Netherlands; and Department of Clinical Chemistry,
Endocrine Laboratory, Amsterdam UMC Location University of Amsterdam,
Amsterdam, The Netherlands. https://orcid.org/0000-0003-2359-2865
Antonius E. van Herwaarden, Department of Laboratory Medicine,
Radboud University Medical Center, Nijmegen, The Netherlands

Henk J. Huijgen, Department of Clinical Chemistry, Red Cross Hospital,
Beverwijk, The Netherlands

Marc G. Vervloet, Department of Nephrology, Amsterdam UMC Vrije
Universiteit Amsterdam, Amsterdam, The Netherlands

Jacquelien ). Hillebrand, Amsterdam Gastroenterology, Endocrinology &
Metabolism, Amsterdam, The Netherlands; and Department of Clinical
Chemistry, Endocrine Laboratory, Amsterdam UMC Location University of
Amsterdam, Amsterdam, The Netherlands

Anita Boelen, Amsterdam Gastroenterology, Endocrinology & Metabolism,
Amsterdam, The Netherlands; Department of Clinical Chemistry, Endocrine
Laboratory, Amsterdam UMC Location University of Amsterdam,
Amsterdam, The Netherlands; and Amsterdam Reproduction &
Development Research Institute, Amsterdam, The Netherlands

undergoing hemodialysis (HDp) and have, therefore, a
complex serum constitution compared to healthy controls
(HC). The goal of this study was to investigate the accuracy
of testosterone, cortisol, and FT4 measurements in samples
of HDp and to get more insight in the interfering factors.
Methods: Thirty serum samples from HDp and HC were
collected to measure testosterone, cortisol, and FT4 us-
ing a well standardized isotope dilution (ID)-LC-MS/MS
method and 5 commercially available automated IAs
(Alinity, Atellica, Cobas, Lumipulse, UniCel DXI). Method
comparisons between LC-MS/MS and IAs were performed
using both HDp and HC samples.

Results: Average bias from the LC-MS/MS was for testos-
terone, cortisol, and FT4 immunoassays respectively up
to 92, 7-47 and 16-27% more in HDp than in HC samples
and was IA dependent. FT4 IA results were falsely
decreased in HDp samples, whereas cortisol and testos-
terone concentrations in females were predominantly
falsely increased. Correlation coefficients between LC-MS/
MS and IA results were lower in HDp compared to HC
samples.

Conclusions: Several IAs for testosterone (in women),
cortisol, and FT4 are less reliable in the altered serum
matrix of samples of HDp than in HC. Medical and labora-
tory specialists should be aware of these pitfalls in this
specific population.

Keywords: cortisol; free thyroxine; hemodialysis; immuno-
assay; mass spectrometry; testosterone.

Introduction

Automated immunoassays (IAs) have replaced the manual
IAs over the last decades in the measurement of hormones.
Meanwhile, we have learned that these automated IAs are
often functioning well in a relatively healthy group.
In contrast, difficulties are seen in people with specific
conditions [1-4]. Multiple factors can interfere with IAs.
Differences in concentrations of these factors or differences
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in composition of the serum, as can occur in some disease
states, are described as alterations in the serum matrix.
Therefore, an altered matrix can lead to misleading out-
comes [5]. An analytical measurement method based on
liquid chromatography tandem-mass spectrometry (LC-MS/
MS) is more robust to matrix effects and can thus be a more
accurate technique for hormone measurements in patient
groups with an altered serum composition [6-8].

People undergoing hemodialysis (HDp) are known to
have advanced renal failure and, therefore, an altered
serum matrix based on accumulation of a variety of uremic
toxins, like urea, and problems with hormone measure-
ments using IAs are seen in these people without precisely
knowing what the interfering factor is [9]. Heijboer et al. [2]
and Depreter et al. [10] already proved that the measure-
ment of vitamin D in HDp is not reliable when using auto-
mated IAs. Testosterone, cortisol, and free thyroxine (FT4)
are frequently measured hormones in clinical practice. Still,
it has not yet been adequately elucidated how reliable these
IA hormone measurements are in samples of HDp. This may
have clinical implications.

In addition, it is valuable to obtain insight into the
characteristics of the interfering factors in serum samples of
HDp. The accumulation of a variety of uremic toxins due to
advanced renal failure in serum of HDp can partially be
removed by hemodialysis. Hemodialysis can be performed
using either hemodialysis (HD) or hemodiafiltration (HDF).
HDF is based on a combination of clearance via diffusion and
convective clearance in contrast to a technique based on
only clearance via diffusion such as in HD [11]. HDF filters
more and larger uremic toxins within the middle-weight
molecule range compared to HD. The effect of a hemodialysis
session (both HD and HDF) on the accuracy of testosterone,
cortisol, and FT4 IA measurements is not yet well mapped
and might help determining interfering factors. Knowledge
of the impact of dialysis and the modality used can inform
clinicians on the optimal timing of determining the hor-
mones studied here.

Therefore, the main goal of this study was to assess the
robustness of testosterone, cortisol, and FT4 IA measure-
ments in samples of HDp. The second aim was to investigate
potential interfering effects of hemodialysis by comparing
IAs in samples taken before and after hemodialysis.

Materials and methods
Samples

Samples of people undergoing hemodialysis vs. healthy controls
(experiment 1): Serum samples were obtained from 30 people under-
going hemodialysis because of advanced renal failure (mean age 57.4
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years, 19 men, 11 women) and 30 healthy controls (mean age 39.5 years,
11 men, 19 women) in March and April 2021 after written consent was
provided. The local Medical Ethical Committee of the Amsterdam UMC,
location Academic Medical Centre confirmed that ethical approval was
not required since this research was set up for laboratory analyses
quality improvement. Additional blood samples were collected from
HDp during their regular monthly blood control. Healthy controls were
recruited among employees at Amsterdam UMC. HDp were excluded if
they used thyroid medication (e.g., levothyroxine, thiamazol); healthy
controls were excluded if they used thyroid medication, took oral con-
traceptives or were pregnant. In HDp, blood was sampled between 8
and 10 a.m. or between 2 and 4 p.m. before the start of their regular
hemodialysis session at Amsterdam UMC (The Netherlands), whereas
blood was sampled between 8 a.m. and 5 p.m. in healthy controls. All
samples were handled identically; the samples were aliquoted after
centrifugation (5 min at 1,9008) and kept frozen at —20 °C until analysis.
Storage time did not exceed 6 months. All samples were thawed, vor-
texed and centrifuged after which analyses took place.

Samples before and after hemodialysis (experiment 2): To provide
better insight into the interfering factors of serum of HDp, serum
samples were obtained from 17 HDp before and immediately after
hemodialysis (mean age 58.6 years, 10 men, 7 women) in December
2021 after written consent was provided. Patients received either
regular hemodialysis (HD; n=7) or hemodiafiltration (HDF; n=10). The
local Medical Ethical Committee of the Amsterdam UMC, location
Academic Medical Centre confirmed that ethical approval was not
required since this research was set up for laboratory analyses qual-
ity improvement. Additional blood samples were collected between 8
and 10 a.m. or between 2 and 4 p.m. before the start of their regular
hemodialysis session and between 12 a.m. and 2 p.m. or 6 and 8 p.m.
after their regular hemodialysis session at Amsterdam UMC
(The Netherlands). The same exclusion criteria accounted for these
patients as described in experiment 1. All samples were handled as in
experiment 1. Storage time did not exceed 2 months.

Methods

Experiment 1 (immunoassays): Serum testosterone and FT4 concen-
trations were measured using five different commercially available
automated immunoassays: Alinity (Abbott), Atellica (Siemens), Cobas
(Roche), Lumipulse (Fuijrebio) and UniCel DXI (Beckman Coulter).
Serum cortisol concentrations were measured using four different
commercially available automated immunoassays: Alinity (Abbott),
Atellica (Siemens), Cobas (Roche) and UniCel DXI (Beckman Coulter).
SHBG was measured using the Alinity (Abbott) immunoassay, TBG using
radioimmunoassay (RIA; Thermo Fischer Scientific) and albumin using
the Cobas (Roche) with a colorimetric assay (bromocresol purple [BCP]
method). Analyses using Alinity, Atellica, Cobas, Lumipulse and RIA
were performed at the Endocrine Laboratory of Amsterdam UMC.
Analyses using UniCel DXI were performed at the laboratory of Red
Cross Hospital (RKZ).

Experiment 2 (immunoassays): Serum testosterone, cortisol, and FT4
concentrations were measured at the Endocrine Laboratory of
Amsterdam UMC using the two automated IAs that showed the least
agreement with the LC-MS/MS in experiment 1 (Alinity [Abbott] and
Atellica [Siemens]). Albumin concentrations were measured using the
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Cobas colorimetric assay (Roche; bromocresol purple [BCP] method) at
the department of Laboratory Medicine of Radboud UMC.

Experiment 1 and 2 (LC-MS/MS): Serum cortisol and testosterone
measurements using LC-MS/MS were performed at the Endocrine Lab-
oratory of Amsterdam UMC. The testosterone and cortisol method is
described briefly. A Waters Acquity UPLC system coupled to a Waters
Xevo TQ-XS mass spectrometer (Wilmslow, UK) was used. Chromato-
graphic separation was performed using a Waters® HSS-T3 column
2.1 x 50 mm, 1.8 um. The column temperature was set to 60 °C. Mobile
phases A and B consisted of 0.1% formic acid and 2 mM ammonium
acetate in water and 0.1% formic acid and 2 mM ammonium acetate in
methanol, respectively. An internal standard mixture of ca. 1 mg/mL of
ds-testosterone and dy-cortisol (CDN, cat.nr. D-3793 and Cambridge
Isotope Laboratories, Inc. DLM-2218) in absolute ethanol was used.
Internal standard was diluted in acetonitrile and added to the samples,
acetonitrile caused protein precipitation. Next, samples were filtered
and injected into the LC-MS/MS. At a flow rate of 0.4 mL/min, a gradient
was employed ranging from 20% of mobile phase B to 98% of mobile
phase B in 6 min. The mass spectrometer was operated in positive
mode using multiple reaction monitoring (MRM), where the transi-
tions 289.17 > 97.17 for testosterone, 292.23 > 97.11 for ds-testosterone IS,
363.20 > 121.16 for cortisol and 367.20 > 121.16 for d,-cortisol IS were
used. The settings of the mass spectrometer were as follows: capillary
voltage 1KkV; cone voltage 44 V; source temperature 150 °C; desolvation
temperature 650 °C; desolvation gas 1200 L/h; cone gas 50 L/h; collision
energy: 20 eV. The lower limit of quantification (LLOQ) was 0.10 nmol/L
for testosterone and 1.0 nmol/L for cortisol. The mean intra-assay
and inter-assay variation were <5% for both testosterone and cortisol.
This LC-MS/MS method performed well in measuring cortisol and
testosterone set against other LC-MS/MS methods [12-14]. Acquisition
and data processing were performed using Waters MassLynx Soft-
ware. All testosterone and cortisol measurements were performed
simultaneously. Serum FT4 measurements using ID-LC-MS/MS pre-
ceded by equilibrium dialysis were performed in duplicate by the
candidate conventional reference measurement procedure at the
department of Laboratory Medicine of Radboud UMC according to
the conventions proposed by the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) [15] (Jansen et al. under
review).

Statistics

Experiment 1: Mean testosterone, cortisol, TBG, and albumin concen-
trations in both groups were compared using independent t-tests and
median FT4 and SHBG concentrations in both groups were compared
using a Mann-Whitney U-test. Passing and Bablok regression analysis
(including Cusum test for linearity), Bland-Altman plots and Pearson
correlation coefficients (r¥) were used for method comparisons. To
provide better insight in the absolute effect of the matrix of HDp, we
recalculated the IA results towards the LC-MS/MS results based on the
method comparison for healthy controls. The testosterone, cortisol, and
FT4 concentrations of HDp were recalculated by the following formula:
(initial analyte measured using IA — intercept)/slope. Intercept and slope
were derived from the Passing and Bablok regression analyses between
the respective IA and LC-MS/MS analyte results in healthy controls. The
recalculated concentrations from HDp were used to make Bland-Altman
plots.
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Experiment 2: Passing and Bablok regression analysis (including Cusum
test for linearity), Bland-Altman plots and Pearson correlation
coefficients (r¥) were performed to assess the performance of the
immunoassays compared to the LC-MS/MS method for all three hor-
mones. A distinction was made between regular HD and HDF patients.
Last, Mann-Whitney U-tests and independent samples t-tests were
accomplished to assess testosterone, cortisol, FT4, and albumin con-
centration differences between patients receiving HD and HDF.

All statistical analyses were performed using MedCalc
(version 18.5, MedCalc Software). A value of p<0.05 was considered
statistically significant.

Results
Experiment 1

Testosterone, SHBG, cortisol, FT4, TBG, and albumin con-
centrations in HDp and healthy controls (testosterone,
cortisol, and FT4 measured using LC-MS/MS) were displayed
in Table 1.

Figures 1-3 show the Passing and Bablok regression
analyses including slopes, intercepts, and correlation
coefficients of the testosterone, cortisol, and FT4 IAs
compared to the LC-MS/MS in both HDp and healthy con-
trols. Additional information regarding these parameters
is presented in Supplementary Tables 1-3. All Passing and
Bablok regressions could be linearly assessed. With one
exception, all testosterone, cortisol, and FT4 correlation
coefficients were lower in HDp compared with healthy
controls, meaning that the agreement between the IAs and
the LC-MS/MS was worse in HDp for all hormones.
Furthermore, the figures show that the regression lines of
HDp from both the testosterone and cortisol measurements
exceeded the regression lines of healthy controls. This
accounted for almost all testosterone and cortisol IAs,
although for some to a greater extent than others. Only the
regression line of HDp from the testosterone Atellica IA was
lower than the regression line of the healthy controls. In
contrast, the regression lines of HDp from the FT4 mea-
surement were lower than the regression lines of healthy
controls in all IAs. These results indicated a positive bias of
testosterone and cortisol and a negative bias of FT4 using
IAs in samples of HDp. Figures 1-3 show that IAs had a bias
compared to the LC-MS/MS in healthy controls as well.
Therefore to specifically highlight the bias in HDp, we
controlled for the bias between the IA and LC-MS/MS in
healthy controls and used the recalculated testosterone,
cortisol, and FT4 results to make Bland-Altman plots as
described in the method section and presented in Supple-
mentary Figures 1-3. Indeed, a positive bias of testosterone
and cortisol and a negative bias of FT4 using IAs in samples
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Table 1: Independent t-test or Mann-Whitney U-test®; comparison HDp and healthy controls. Testosterone, cortisol, and FT4 were measured using

LC-MS/MS.
Analyte Mean/median® HDp Mean/median® healthy controls 95% CI difference p-Value
Testosterone Men 8.85 nmol/L 14.2 nmol/L 1.61-9.16 nmol/L 0.0068
Women 0.39 nmol/L 0.70 nmol/L 0.13-0.49 nmol/L 0.0013
SHBG? 41.9 nmol/L? 45.2 nmol/L? 0.1-26.0 nmol/L 0.0468
Cortisol 259 nmol/L 246 nmol/L —67.8 t0 40.36 nmol/L 0.6139
FT4° 25.1 pmol/L* 19.3 pmol/L® —7.2 to =3.7 pmol/L <0.0001
TBG 289 nmol/L 302 nmol/L -7.66 to 32.7 nmol/L 0.2195
Albumin 35.7 g/L 40.5 g/L 2.20-7.31g/L 0.0004

“Mann-Whitney U-test was performed for these analytes. For these analytes a median concentration was reported. This Table presents the 95% confidence

interval (CI) from the difference between HDp and healthy controls.

of HDp was found. The positive bias for testosterone varied
from 1.4% for the Atellica IA up to 91.7% for the UniCel DXI
IA. As could be expected, testosterone concentrations in
women were lower compared to men and the bias in
women primarily determined the total bias (Supplemen-
tary Figure 4). The positive bias for cortisol varied from
6.6% for the Alinity IA up to 47.1% for the Atellica IA and
was statistically significant for all IAs as can be derived
from the 95% CIs (Supplementary Figure 2). The negative
bias for FT4 varied from 16.1% for the UniCel DXI IA up to
27.3% for the Lumipulse IA which was also statistically
significant (Supplementary Figure 3).

In total, three female HDp samples showed testosterone
concentrations below the LLOQ for one or two of the IAs (2
for Alinity, 2 for Atellica, 1 for Cobas); results of these sam-
ples were set at half of the LLOQ and included. Two cortisol
measurements from HDp were excluded for the Bland-
Altman plots as these influenced the mean bias extraordi-
narily. The cortisol concentrations in these samples
measured using LC-MS/MS were below 50 nmol/L (and were
between 13 and 31 nmol/L. measured using the IAs) and
therefore we suspected sensitivity problems in the IAs, not
especially influenced by the matrix. One person undergoing
hemodialysis showed a FT4 value with a CV of 40% without
clear explanation measured using the LC-MS/MS, meaning
this result could not be interpreted reliably. No additional
material was available to repeat this analysis, so this sample
was excluded for FT4 analysis.

Experiment 2

To search for interfering factors present in serum samples
of HDp testosterone, cortisol, and FT4 concentrations
were measured before and after hemodialysis, Passing
and Bablok regression analyses are shown in Supplemen-
tary Figure 5. Additional information regarding these

parameters is presented in Supplementary Table 4. All
Passing and Bablok regressions could be linearly assessed.
Correlation coefficients fitting the Passing and Bablok
regression analyses somewhat differed before and after
hemodialysis, although the overlap between 95% confi-
dence intervals was large. Slopes derived from the Passing
and Bablok regression analyses of the testosterone, cortisol,
and FT4 Atellica IA were closer to 1 after hemodialysis.
These differences were however minor and 95% confidence
intervals largely overlapped. The HD and HDF groups were
separately assessed and Passing and Bablok regression
analyses and correlation coefficients (r%) did not show a
consistent difference between these two groups. No dif-
ferences in testosterone, cortisol, and FT4 concentrations
between HD and HDF patients were found. Only albumin
concentrations differed significantly after hemodialysis
between HD and HDF patients (mean albumin HD 39.6 g/L;
mean albumin HDF 33.9 g/L; 95% CI -10.9 to -0.4 g/L;
p=0.036). One female HDp showed a testosterone concen-
tration below the LLOQ for the Atellica IA both before
and after hemodialysis, so these results were set at half
of the LLOQ and included in the statistical analysis.

Discussion

In this study, we performed a method comparison between
five frequently used automated commercially available
immunoassays (IAs) and LC-MS/MS to study the effects of
advanced renal failure and hemodialysis on the accuracy of
testosterone, cortisol, and FT4 IA measurements. Testos-
terone and cortisol concentrations were mainly over-
estimated, whereas FT4 concentrations were mainly
underestimated in samples of HDp using IAs compared to
healthy controls.

A bias of testosterone, cortisol, and FT4 concentrations
was found when measured using IAs compared to LC-MS/MS
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Figure 1: Passing and Bablok regression analyses for the 5 automated testosterone immunoassays in both healthy controls and HDp (experiment 1). On
the x-axis, the testosterone concentrations were measured using LC-MS/MS and, on the y-axis, the testosterone concentrations measured using the
respective immunoassays are shown. (A) Alinity; (B) Atellica; (C) Cobas; (D) Lumipulse; (E) UniCel DXI.

in both HDp and healthy controls. This has been acknowl-
edged and consensus has reached that standardization of
these hormones towards the LC-MS/MS in healthy controls is

necessary [16-18]. Therefore, the emphasis of the current
study is on the observed IA accuracy difference between
samples of HDp and healthy controls. The lower correlation
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Figure 2: Passing and Bablok regression analyses for the 4 automated cortisol immunoassays in both healthy controls and HDp (experiment 1). On the
x-axis, the cortisol concentrations were measured using LC-MS/MS and, on the y-axis, the cortisol concentrations measured using the respective

immunoassays are shown. (A) Alinity; (B) Atellica; (C) Cobas; (D) UniCel DXI.

coefficients of nearly all IAs in HDp compared with healthy
controls emphasizes the less reliable performance of IAs in
measuring testosterone, cortisol, and FT4 in HDp. After
controlling for the bias between the IA and LC-MS/MS in
healthy controls, testosterone and cortisol concentrations
showed a positive bias from the LC-MS/MS (+1.4-91.7 and
+6.6-47.1%, respectively) in samples of HDp measured using
all tested IAs. This positive bias assessed using Bland-Altman
plots was statistically significant for all cortisol IAs, indi-
cating falsely increased cortisol levels in HDp when
measured using IAs. This matched a previous study on
cortisol IA accuracy in patients with renal failure [4]. It must,
however, be stated that not every IA showed an over-
estimation of cortisol of the same magnitude and the bias of
results of some IAs may not be relevant in clinical practice.
The positive bias of all testosterone IAs indicated also an
overestimation of testosterone levels in HDp when
measured using IAs. Even though all testosterone IAs

showed some positive bias in HDp, this was not the case to
the same extent for each IA and this effect was mainly
observed in female samples with low concentrations of
testosterone. The clinical relevance of this finding in women
may be small and the number of female samples are too
low to draw definite conclusions. These results mainly
demonstrated that attention may be needed for testosterone
measurements in samples of HDp. To the best of our
knowledge, this is the first study elucidating how reliable
testosterone measurements using IAs are in people with
advanced renal failure undergoing hemodialysis. FT4
concentrations in samples of HDp showed a negative bias
from the LC-MS/MS (-16.1 to —27.3%) which was statistically
significant for all IAs. Thus, FT4 levels were mainly falsely
decreased in HDp, which is in concordance with a previous
study that found an underestimation of the FT4 IA mea-
surement in patients with renal failure [1], even though
that study did not use a (candidate) reference method



1442

>

FT4 concentration (pmol/L)
Alinity 1A

(©)

Cobas IA

FT4 concentration (pmol/L)

(E)

FT4 concentration (pmol/L)
UniCel DXI 1A

50|
a5
40t
351
30+
25}
20
151
10}

Jansen et al

.. Hormone immunoassay reliability during hemodialysis

(B)

o HDp
u Healthy controls

r2=092

Healthy contrdls
y=4.37 + 0.41x

FT4 concentration (pmol/L)

HDp
y= 4.68 + 0.32x
r2=0.74

50
45
40
35
30
25
20
15
10

20 25 35

FT4 concentration (pnol/L)
LC-MS/MS

40 45 50

Ci

o HDp
m Healthy controls

y=0.49 +0.
r2=0.90

Healthy contrals -
79x "<

FT4 concentration (pmol/L)

50
45|
40
35
30
25
20
15
10

20 25

FT4 concentration (prol/L)
LC-MS/MS

o HDp
m Healthy controls

y=-0.13 +0.
r2=0.76

Healthy contrds e

85x

HDp
y=1.82 + 0.38x
r2=087

20 25 35

FT4 concentration (pnol/L)
LC-MS/MS

40 45 50

Lumipulse IA

Atellica IA

DE GRUYTER
50
o HDp
45 u Healthy controls
40} Healthy controls ’
y=1.65 + 0.69x
35} r2=0.90
30
] N o
o T e
18 HDp
y=3.18 + 0.47x
10 r2=0.77
57 1 1 1 1 ] ! ] 1
5 10 15 20 25 30 35 40 45 50
FT4 concentration (pnol/L)
LC-MS/MS
50 |-
o HDp
45 = Healthy controls
40 Healthy controls -
y=-0.004 + 0.71x g
35 r2=0.91
30
251
o T
15 7 sl oo
Ag 29 +0.51
- ). y=0.29 + 0.51x
10 ) o r2=045
507 0 v
5 10 15 20 256 30 35 40 45 650
FT4 concentration (prmol/L)
LC-MS/MS

Figure 3: Passing and Bablok regression analyses for the 5 automated FT4 immunoassays in both healthy controls and HDp (experiment 1). On the x-axis,
the FT4 concentrations were measured using LC-MS/MS and, on the y-axis, the FT4 concentrations measured using the respective immunoassays are
shown. (A) Alinity; (B) Atellica; (C) Cobas; (D) Lumipulse; (E) UniCel DXI.

and they tested different IAs that are not on the market
anymore. Previous literature reported an increased preva-
lence of thyroid disorders in HDp, especially the prevalence

of (subclinical) hypothyroidism is higher compared to
healthy, age-matched, controls [19-22]. As these recent
studies predominantly use automated immunoassays which
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may suffer from an underestimation of FT4 concentrations,
prevalence might be different than reported in these studies.
More research however is needed to get insight into the
implication of this finding for clinical practice.

It is not yet known what interfering factor(s) caused
the inaccuracies in testosterone, cortisol, and FT4 IA mea-
surements in samples from people undergoing hemodial-
ysis. Previous research showed that IAs have difficulties in
measuring hormones when levels of binding globulins are
deviant [3, 23, 24], although the influence of aberrant
binding globulin concentrations on the IA reliability in
samples of HDp is less clear. Cortisol-binding globulin (CBG)
is not likely to affect the reliability of the cortisol IA mea-
surement in HDp [25]. Dodd et al. [4] hypothesized that
their observed positive deviation in HDp may be due to
decreased cortisol clearance, therefore accumulation of
cortisol and other steroids as well, which maylead to falsely
high cortisol concentrations in IAs due to cross-reactivity.
However, this hypothesis cannot be rejected nor confirmed
based on our study. We did not find a significant difference
in TBG concentration between HDp and healthy controls
and the significant difference for SHBG concentrations was
only small. Therefore, it can be questioned whether this
small difference in SHBG concentration could explain
testosterone IA inaccuracies. On the other hand, the bind-
ing protein albumin was significantly lower in HDp
compared to healthy controls and might thus contribute to
the IA inaccuracies of testosterone, cortisol, and FT4 in this
group, which is corroborated by literature for cortisol and
FT4[9, 24, 26-30]. However, since the absolute difference in
albumin concentration is limited, it should be kept in mind
that this may not explain the observed IA bias completely.

Abovementioned associations to explain IA inaccura-
cies in HDp are not conclusive yet and all measurements
were performed before the persons’ hemodialysis session.
The serum matrix effects of advanced renal failure in HDp
changes after hemodialysis and the interfering factor(s)
might be cleared by hemodialysis. We hypothesized the
effect of hemodialysis might be beneficial on the accuracy
of the IA measurements and we performed a second
experiment where serum samples of HDp were collected
and assessed both before and after their hemodialysis
session. Our results showed no clear overall improvement
of the IA reliability after hemodialysis. Matrix components
can have a different impact on several IAs due to the
variable working mechanism of IAs, explaining variation
in IA accuracy in an altered matrix composition as HDp
have. Last, we found no clear indications that either
hemodialysis (HD) or hemodiafiltration (HDF) separately
could improve the reliability of the tested testosterone,
cortisol, or FT4 IAs. However, the HD and HDF groups were
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too small (HD, n=7; HDF, n=10) to make definite statements
about some of the slight differences found. Therefore, we
can conclude that the clearance of accumulated uremic
toxins by hemodialysis is not the main solution to overcome
IA inaccuracies in HDp and that other interfering factor(s)
might be more important. This means that we cannot
conclude that blood withdrawal prior to or after hemodi-
alysis is the optimal timing of determining testosterone,
cortisol, and FT4 in HDp, yet studies with larger patient
populations should confirm this.

Some limitations should be mentioned as well. First,
the ED-ID-LC-MS/MS that measured FT4 was not designed
using uremic serum. However, this method adhered to the
conventions of the IFCC, is known to be robust for matrix
effects and FT4 concentrations remained stable upon he-
modialysis (Jansen et al. under review). Therefore, we can
conclude that it is justified to compare the commonly used
FT4 TAs with this method. Second, it should be mentioned
that the used LC-MS/MS for measuring both cortisol and
testosterone, although extensively validated and compa-
rable to other (inter)national LC-MS/MS methods, is not a
reference method. It is, however, robust to matrix effects
and can thus be reliably used for this method comparison.
Third, experiment 2 only included the Alinity and Atellica
IA, which could be seen as a limitation. However, this
experiment was a proof of principle which was not set up to
draw definite conclusions.

Conclusions

This study revealed that cortisol concentrations and
testosterone concentrations in females can be over-
estimated and FT4 concentrations can be underestimated
when measured using currently available immunoassays
in serum samples of people with advanced renal failure
undergoing hemodialysis. The observed inaccuracies in
serum of HDp varied between all tested IAs and are clini-
cally relevant for some immunoassays. It is not clear yet
what interfering factor(s) cause these inaccuracies.
Hemodialysis itself is clearly not the only solution in
improving the accuracy. Therefore, we encourage manu-
facturers to improve their immunoassays in a way that not
only these three hormone measurements, but all hormone
measurements are less influenced by matrix effects.
Furthermore, the influence of an altered matrix on IA
performance should be studied in other (patient) groups
characterized by an altered serum matrix to assess if
caution in interpretation of their hormone measurements
is necessary as well. Meanwhile, physicians and laboratory
specialists should be aware that several IAs are less reliable
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in the measurement of testosterone, cortisol, and FT4 in
this specific group, since diagnostic or treatment decisions
may depend on it.
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