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Background: Free thyroxine (FT4) measurement is one of the most requested tests in patient care for diagnosing
and treating thyroid-related illnesses. Equilibrium dialysis (ED) is considered the “gold standard” for FT4
measurement; however, several factors have a profound effect on the reliability of FT4 assays and require special
consideration.

Methods: In the current study, we focused on evaluating critical factors that could contribute to reporting errors,
such as adsorption of thyroxine (T4) to labware surfaces, stability of serum samples, stock solutions, and cali-
brator storage conditions, as well as the solvents used to prepare T4 solutions.

Results: The adsorption of T4 in ethanolic solutions and dialysates to labware surfaces can be reduced with the
careful selection of pipette tips, test tubes, and 96-well plates. Adding pH modifiers to neat T4 solutions can
improve its stability. FT4 in serum samples remains stable after exposure to four freeze—thaw cycles, 5 °C for
18-20 h, or —70 °C for a minimum of three years.

Conclusion: The presented study has demonstrated that the loss of analyte due to pre-analytical and analytical
factors during operation of the FT4 reference measurement procedure (RMP) can be minimized by careful se-
lection of all labware for sample preparation. It was found that the accuracy and imprecision of FT4 assays can be
influenced by different types of dialysis devices, but acceptable alternatives to ED membranes were identified.
This study demonstrates approaches to establish a FT4 method that is independent from specific suppliers and
addresses critical pre-analytical and analytical factors important for FT4 measurements.

ultrafiltration [3,4]. It is essential to preserve the endogenous equilib-
rium between free and bound T4 during isolation of the free hormone

1. Introduction

Free thyroxine (FT4) measurement is an important part of thyroid
function testing and is used to diagnose and treat thyroid disorders.
Thyroxine (T4) is the precursor to the biologically active thyroid hor-
mone triijodothyronine, which plays a crucial role in metabolism, tem-
perature regulation, energy levels, heart rate, fertility, and fetal
development [1,2]. FT4 can be measured using direct methods and
immunoassays (IAs). Direct methods of measuring FT4 involve sepa-
rating free T4 from protein-bound by either equilibrium dialysis (ED) or

fraction in order to accurately quantify FT4 in patient samples.

The IAs usually do not apply physical separation of thyroxine and use
antigen—antibody interactions to mimic actual FT4 separation. The
preanalytical and analytical challenges of these IAs have been investi-
gated in several studies [5,6]. Many factors can affect the reliability of
FT4 TA measurements, such as abnormal binding proteins, protein
binding displacers, heterophilic antibodies, autoantibodies, free fatty
acids, assay antibodies, analogs, and/or serum dilution [7,8]. However,
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there is very limited information available about pre-analytical and
analytical challenges of ED-based methods. In this manuscript, we pro-
vide practical experience addressing these challenges when performing
ED-based FT4 methods. FT4 is defined by the international conventional
reference measurement procedure (RMP) based on ED combined with
determination of the T4 concentration in the dialysate with a trueness-
based isotope dilution-mass spectrometry method endorsed by the In-
ternational Federation of Clinical Chemistry and Laboratory Medicine
(IFCQ) [9]. The principles of the consensus method endorsed by the IFCC
are strictly maintained by laboratories conducting RMPs; however, these
conventions only apply to the ED step of the procedure [3]. While the ED
step is considered conventional and must be meticulously maintained, it
is important to gain knowledge about what can be altered in this step
without causing results to change. It is also important to understand
which factors can lead to differences in results. This will ensure that the
procedure can be maintained over time and does not rely on specific
product manufacturers or supplies that may become discontinued in the
future. In addition, principles and knowledge about pre-analytical and
analytical factors can also be beneficial for clinical laboratories per-
forming routine FT4 measurements using an ED-based approach.

Deviations from the time, temperature, buffer composition, dilution,
and pH conventions of ED may affect the affinity of binding proteins in
samples and profoundly alter FT4 concentration. This can impact the
accuracy and imprecision of results. The materials and devices used for
ED can also influence FT4 present in the sample at equilibrium; T4 can
be adsorbed on the surface of sample containers, membranes, and other
labware that is in contact with patient samples [10]. Previous studies
with radioactive T4 have suggested that labware choice plays an
important role in maintaining T4 concentration in solutions [11]. In
addition, dialysis devices have inherent properties that can affect dial-
ysis time and dilution [12]. The limited availability of suitable dialysis
devices and membranes necessitates careful selection of alternatives to
ensure continuity of measurement using the reference system and avoid
dependence on the dialysis device itself as a convention for the RMP.
Storage and preparation conditions of samples and calibration solutions
may also influence accuracy of patient results [13,14]. This study aims
to evaluate pre-analytical factors that may influence FT4 concentration
in the context of an ED-based FT4 RMP. Observations regarding solution
stability and FT4 recovery are applicable to routine FT4 methods as well.
The methods described here are meant to serve as a guide to evaluating
potential sources of inaccuracy and imprecision in FT4 methods. The
study was conducted at two locations operating independent FT4 RMPs:
CDC Hormone Reference Laboratory and at the Reference Laboratory at
Ghent University (Ref4U). Previously completed and ongoing studies
have demonstrated excellent comparability between these two RMPs
[15,16].

2. Materials and methods
2.1. Materials

Where applicable, different, interchangeable materials and methods
used for analysis conducted at either CDC or Ref4U are listed. L-
Thyroxine certified reference material IRMM-468 was obtained from the
Joint Research Centre (Geel, Belgium) and Sigma-Aldrich® (St. Louis,
MO, USA) [17]. L-Thyroxine-'3Cg (100 pg/mL) and 99.96 isotopic purity
dimethyl sulfoxide (DMSO)-dg were procured from Sigma-Aldrich® (St.
Louis, MO, USA) for use by CDC. L-Thyroxine-lSCg was from the Service
de Chimie et Biochimie Appliquées, Faculté Polytechnique de Mons
(Belgium) or Sigma-Aldrich (St. Louis, MO, USA) for use by Ref4U. All
serum materials were purchased from Solomon Park Research Labora-
tories (Burien, WA). Solomon Park Research Laboratories has IRB ap-
provals to collect blood and obtained informed consent from donors. Use
of blood by CDC is consistent with the IRB approval and donor consent.
No personal identifiers were provided to CDC. A 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) dialysis buffer was prepared
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according to the published procedures [18]. Custom HEPES dialysis
buffer kits were from ABI Scientific (Sterling, VA, USA). HEPES pH
adjusting buffer was prepared to contain 776 mM HEPES. All samples
and buffers were adjusted to pH 7.4 + 0.03 at 37 °C before use with
analytical-grade hydrochloric acid or 10 N sodium hydroxide. All re-
agents used were of analytical grade or better. Borosilicate glass 16 x
100 mm culture tubes were purchased from DWK Life Sciences (Milville,
NJ, USA). Silanized clear borosilicate glass 2 mL vials were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Polypropylene 2
mL 96-well plates were purchased from Arctic White LLC (Bethlehem,
PA, USA). Sep-Pak 1 mL C18 solid-phase extraction (SPE) cartridges
were purchased from Waters™ (Milford, MA, USA). Positive displace-
ment 1 mL pipette tips were purchased from Gilson™ (Middleton, WI,
USA). Four commercially available polytetrafluoroethylene (PTFE)
dialysis cells: the Dianorm® Macro 1, the Dianorm® Micro 1S, the
Dianorm® Micro, and the Fast Micro-Equilibrium Dialyzer®; and a
Multi-Equilibrium Dialyzer were purchased from Harvard Apparatus
(Holliston, MA, USA). Dianorm® regenerated cellulose membranes with
5 kDa and 10 kDa cutoffs were purchased from Harvard Apparatus.
Spectra/Por regenerated cellulose 3.5 kDa membranes were purchased
from Repligen (Boston, MA, USA). Quantitative 'H-Nuclear Magnetic
Resonance spectroscopy (QNMR) was performed by the Complex Car-
bohydrate Research Laboratory at the University of Georgia on a Bruker
600.06 MHz spectrometer with a 5 mm cryoprobe (Billerica, MA).
Analysis by liquid chromatography tandem mass spectrometry (LC-MS/
MS) was performed on either a Waters™ Acquity TQD mass spectrom-
eter system with electrospray ionization source coupled with a Waters™
Acquity liquid chromatograph at Ref4U (Milford, MA, USA), or a Shi-
madzu™ LC-30AD HPLC module (Kyoto, Japan) coupled with an AB
SCIEX Triple Quad™ API 5500 Mass Spectrometer at CDC (Framingham,
MA, USA). Analytical parameters for both systems are listed in supple-
mentary tables S3 and S4.

2.2. Preparation of stock solutions and calibrators

Certified L-thyroxine primary reference material IRMM-468 (Joint
Research Centre, Geel, Belgium) was used to prepare calibrator solutions
for FT4 quantification. All solutions were prepared gravimetrically. The
stock solution, intermediate solution, and working solution (WS) of T4
used by Ref4U were prepared as described in supplementary table S1.
Monoiodotyrosine (MIT) was added to intermediate (0.1 pg/g T4) and
working (1 ng/g T4) calibrator solutions prepared at Ref4U at a con-
centration 5000 times higher than the T4 concentration as a protective
carrier [19]. All solutions prepared at CDC contained a 1.7% solution of
ammonium hydroxide in ethanol as solvent unless otherwise noted.
Ammonium hydroxide (28.0-30.0% NH3, Extra Pure) was purchased
from ACROS Organics (Fair Lawn, NJ). The stock solution, intermediate
solution and working solution of T4 used by CDC were prepared as
described in supplementary table S2. Similarly, solutions of isotopically
labelled internal standard (ISWS) were prepared gravimetrically to a
final concentration of 0.1 ng '3Ce-T4/g solvent.

2.3. Stability of T4 in stock and calibration solutions

Aliquots of 50 pg/mL (64.7 pmol/L) T4 solutions were prepared in
solvent A (100% ethanol), solvent B (1.7% ammonium hydroxide in
ethanol), solvent C (4% acetic acid in ethanol), and solvent D (4% formic
acid in ethanol). The short-term stability of T4 in the above solvents was
evaluated over 7 days at room temperature to determine the adsorption
of FT4 to the glass tubes used for sample dialysate collection and cali-
bration curve preparations. Aliquots of 3 mL of each solution were
placed into glass sample tubes. On days 0, 1, 2, 5, and 7, 200 L aliquots
were taken from the 3 mL solution in glass tubes and 100 uL of ISWS was
added to each aliquot. The T4 in the samples was quantified using LC-
MS/MS (Sciex API 5500 system).

Long-term stability of T4 stock and calibration solutions was
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determined using HPLC coupled with a UV spectrophotometric detector
(HPLC-UV). A 1 mg/g T4 solution in DMSO-ds was prepared and its
concentration was confirmed by gNMR. This solution (“RS-A”) was used
to verify the concentrations of Stock A and Stock B T4 solutions. A 5-
point reference calibration curve of 5.08-27.4 ug/g T4 in 1.7% ammo-
nium hydroxide (NH4OH) in ethanol containing 2% v/v DMSO from RS-
A was freshly prepared, and the absorbance of these solutions at 250 nm
was used to verify the concentration of T4 in the calibration solutions
Stock A and Stock B by linear regression. Dilutions of Stock A containing
17.0 pg/g T4 (17.3 umol/L, “UV-A") and Stock B containing 0.424 ug/g
T4 (0.432 pmol/L, “UV-B”) in 1.7% NH4OH in methanol containing 2%
(v/v) DMSO were prepared in triplicate and diluted 1:1 with 1% (v/v)
formic acid prior to analysis by HPLC-UV. The concentrations of T4 WS
were below the limit of detection of the UV detector used, so they could
not be directly confirmed; instead, a new 1 ng/g T4 WS was freshly
prepared from the verified Stock B solution, and its gravimetric con-
centration was compared to the concentration calculated by linear
regression from calibrators prepared from the WS being verified.

2.4. Stability of FT4 in serum, serum dialysates, and extracted samples

Freeze-thaw (-70 °C to room temperature) stability was evaluated by
measuring FT4 of serum samples subjected to four freeze-thaw cycles
before sample preparation. The long-term stability of serum at —70 °C
was evaluated periodically for 3 years. Stability at 5 °C was evaluated by
comparing serum samples thawed and prepared immediately from
—70 °C to those thawed at 5 °C overnight (18-20 hrs) before sample
preparation. To determine the extent of FT4 adsorption in dialysate, 1
mL aliquots from a serum dialysate pool were transferred into glass
sample tubes and spiked with 100 pL ISWS at 0, 24, and 48 h. T4 was
extracted from serum and dialysate samples prior to analysis by LC-MS/
MS as described previously [19]. The on-board stability of extracted
samples at 5 °C was evaluated by repeated analysis of extracted samples
via LC-MS/MS after they had been placed in an auto-sampler at 5 °C for
up to 4.8 days. Stability was assessed based on principles discussed in
Section 2.7. Statistical analysis.

Table 1
Equilibrium dialysis cells and membranes used for ruggedness testing.
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2.5. Evaluation of adsorption of T4 to the labware surface

The percent of thyroxine recovered after exposure to commonly used
labware was determined according to a previously published procedure
[20]. A schematic representation of the adsorption testing method is
shown in supplementary figure S1. Two sets of samples, one spiked with
isotopically labelled internal standard before exposure to labware and
one spiked after, were prepared using 25 pg/mL (32.4 pmol/L) T4 so-
lutions in three different solvent compositions to evaluate recovery. To
prepare set 1, which served as a control set, an aliquot of 25 pg/mL
(32.4 pmol/L) T4 solution prepared in either solvent A, solvent B, or
10% acetonitrile in water with 0.1% formic acid (solvent E) was added
to each of the labware listed in Table 2. A single pipette was used to
transfer half of the initial T4 solution volume to a new test tube before
adding an equal volume of 25 pg/mL (32.4 pmol/L) '3C¢-T4. Five rep-
licates of each control sample were prepared per solvent. Set 2 was
prepared similarly to set 1, except the T4 solutions were transferred to
test tubes and spiked with internal standard after the solutions A, B or E
were exposed to the tested labware an additional one or five times.
Identical tubes and pipettes were used in the same quantities as the
control set for all samples in set 2 to minimize the impact of T4
adsorption on these common surfaces on the T4 recovery. All solutions
and sample extracts were dried under nitrogen flow at room tempera-
ture and reconstituted in 200 uL 10% acetonitrile in water with 0.1%
formic acid. All samples were analyzed by LC-MS/MS according to the
reference method procedure at CDC [16]. The percent of T4 recovered
after exposure to labware was determined according to the formula
100*B/A, where A is the mean T4/'3Cs-T4 peak area ratios of set 1 and B
is the peak area ratios of set 2.

2.6. Robustness of the conventional equilibrium dialysis methods

The variation resulting from the use of different dialysis cells and
membranes, as well as the time required to reach equilibrium during
dialysis, were evaluated for robustness of the conventional equilibrium
dialysis method. FT4 was measured according to the reference mea-
surement procedure for FT4 endorsed by the International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) committee for
Standardization of Thyroid Function Tests (C-STFT) [19]. Briefly, the

Cell types
Macro 1 Macro 1S Micro Fast Micro-
- :,\\ B Equilibrium Dialyzer
N -
@ macro 1S || (| micro o
o Y
Max. volume 1.36 1.15 0.25 1.00
(ml)
Working 1.00 1.00 0.2 1.00
volume (ml)
Min. volume 0.70 0.60 0.125 -
(ml)
Membrane 4.50 11.30 2.0 2.30
area (cm?)
Membrane 4.50 11.30 10 2.30
area/working
volume ratio

Dialysis cells and membranes used for ruggedness testing. Three equilibrium dialysis cell types (Macro 1S, Micro, and FMED) were evaluated by the reference
measurement procedure at Ref4U by comparing results obtained using the validated dialysis cells routinely used by the method (Macro 1) to results of the same set of

samples measured with Macro 1S, Micro, and FMED.
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Table 2
Percent recovery of T4 in neat solutions after exposure to common labware
surfaces.

A Recovery of T4 after exposure to common lab items,
mean percent recovered + SD

Type of Exposures  96-well n 14 mL n  Silanized n
labware 2mL clear clear 2 mL
plates glass glass vials
tubes
Solvent A, 1 101 + 5 987+ 5 100+7.8 5
2.5 3.0
100% Ethanol 5 98.3 + 5 98.6 £ 4 94.5 +£ 4.5 5
1.6 2.5
Solvent B, 1 100 + 5 99.2+ 5 99.9+32 5
2.2 3.3
1.7% 5 101 + 4 101 + 5 97.0+3.2 5
ammonium 0.1 2.4
hydroxide in
ethanol
Solvent E, 1 98.2 + 5 100 + 5 983+1.1 5
2.8 1.0
10% 5 93.7 + 5 96.8 £ 5 89.9 + 3.9 5
acetonitrile 2.8 2.9
with 0.1%
formic acid
B Mean percent difference between 1 and 5 exposures
96- p-value 14 mL  p-value Silanized p-value
well 2 (x=0.05) clear (x=0.05) clear2mL  (x=0.05)
mL glass glass vials
plates tubes
Solvent -2.8 0.11 —0.1 0.95 -53+ 0.15
A +1.6 + 25 4.5
Solvent 1.5+ 0.21 21+ 0.32 -29+ 0.15
B 0.1 2.4 3.2
Solvent —4.6 0.14 -3.2 0.07 -8.6 + <0.05
E +2.9 +29 4.0

Neat T4 solutions prepared in either solvent A (100% ethanol), solvent B (1.7%
ammonium hydroxide in ethanol), or solvent E (10% v/v acetonitrile in water
with 0.1% formic acid) were exposed to common labware (2 mL polypropylene
96-well plates, borosilicate glass 16 x 100 mm test tubes, or silanized clear 2 mL
borosilicate autosampler vials) 1 and 5 times.

A). The percent of T4 recovered after exposure to labware was determined ac-
cording to the formula 100*B/A, where B is the mean area ratio of samples
spiked with internal standard post-exposure to labware, and A is the mean area
ratio of the solutions spiked with internal standard pre-exposure.

B). The mean percent difference of recovery after 1 exposure to recovery after 5
exposures was evaluated for each labware and solvent using the paired t-test (a
= 0.05).

dialysis cells listed in Table 1 were composed with a 5 kDa regenerated
cellulose membrane between two PTFE half-cells. Additional Macro 1
cells were assembled with 10 kDa, 5 kDa or 3.5 kDa membranes for
comparison. Variations of membrane molecular weight cut-off (MWCO)
and suppliers tested were limited to regenerated cellulose due to docu-
mented binding of T4 to polysulfone and polyethersulfone membranes
[3]. Serum was adjusted to pH 7.4 + 0.03 at 37 °C by adding a maximum
of 10% of the serum volume as HEPES pH adjusting buffer to each serum
sample. pH-adjusted serum was loaded into the serum compartment of
each cell type listed in Table 1. The equal volume of HEPES dialysis
buffer was added to the opposite half-cell (buffer compartment). Due to
differences in membrane surface area, cells were incubated at 37 °C for
3-6 h; the time required to reach equilibrium was determined for each
cell type as the period where T4 levels in dialysates remained constant.
Dialysates were collected in tared glass vials containing an appropriate
amount of '3C-labeled T4 as internal standard equivalent to the
thyroxine concentration of the dialysate. T4 was extracted from dialy-
sate matrix components and concentrated prior to analysis by LC-MS/
MS according to previously published procedures [19].
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2.7. Statistical analysis

The Student’s paired t-test was used to determine the significance of
difference in FT4 concentration among samples that had undergone 1 or
4 freeze-thaw cycles, to determine the difference in recovery after 1 and
5 exposures to common labware among different solvents, and to
determine the significance of difference between the T4 Stock B solution
gravimetric concentration and the concentration determined by HPLC-
UV after 1.5 years of storage. All other stability tests were evaluated
by linear regression according to the principles listed in the Clinical and
Laboratory Standards Institute (CLSI) document EP25-A [21]. Statistical
differences between sample means obtained from the dialysis cell and
dialysis membrane types listed in Tables 5a and 5b were evaluated using
one-way repeated measures ANOVA. Pairwise differences between
sample means among dialysis device and membrane type were evalu-
ated as needed using p-values adjusted for multiple comparisons. Sta-
tistical significance was evaluated at a 95% significance level for all
tests. Data analysis was done using Microsoft Excel® with the Analyse-
it® add-in or the R statistical environment in R Studio®.

3. Results and discussion

Strict adherence to the ED step of the FT4 RMP is necessary to ensure
equilibrium dialysis assays preserve endogenous equilibrium and pro-
duce accurate, reproducible FT4 measurements [3,19]. The composition
of dialysis buffer, ED temperature, and time were not part of this
investigation. Previously published literature discusses the importance
of preserving conventional buffer composition that is close to the
composition of the ultrafiltrate of normal human serum; departure from
established buffers may result in inconsistent results [3,18]. In addition
to conventions for dialysis time, temperature, and buffer composition,
labware and solvents chosen during analysis can present further chal-
lenges towards reliable measurements. This study provides an example
and investigates the influence of these pre-analytical and analytical
factors on FT4 measurement results.

3.1. Adsorption of T4 to labware surfaces

The recovery of neat T4 in various solvents among commonly used
labware is summarized in Table 2. The change in concentration of neat
T4 solutions prepared in either 100% ethanol (solvent A), 1.7% NH4OH
in ethanol (solvent B), or 10% acetonitrile in water with 0.1% formic
acid (solvent E) was determined after one and five consecutive expo-
sures of 0.5 mL of each solution to polypropylene 2 mL 96-well plates,
untreated clear borosilicate glass test tubes, or silanized clear borosili-
cate glass vials. The recovery of T4 in solvent A or B from 96-well plates
or test tubes was higher than the recovery after exposure to silanized
vials, and the recoveries among all labware tested using solvent E were
lower than for solvents A or B. The mean percent difference between one
exposure and five exposures to each labware for the three solvents is
summarized in Table 2B. No significant difference in recovery was found
for solvents A, B, or E after one and five exposures to 96-well plates or
test tubes. There was no significant difference in the recovery of T4 in
solvent A and B in silanized vials after one and five exposures; however,
there was a significant difference (p-value < 0.05) when comparing the
recovery of T4 in solvent E using silanized vials, which suggests it is
necessary to pre-screen labware that will be in direct contact with neat
solutions of T4 to avoid analyte loss.

3.2. Stability of T4 in stock and calibration solutions

Changes in T4 concentration and its association with storage tem-
perature, duration, and solvent are summarized in Table 3. The percent
difference of T4 concentrations determined by HPLC-coupled UV spec-
trophotometry compared to gravimetric concentrations was —0.2% for
Stock A (after 2.9 years) stored at —70 °C and 3.3 + 4.6% for Stock B
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Table 3

Short-term and long-term stability of T4 in neat solutions. Short-term stability of neat T4 solutions prepared in either solvent A (Ethanol), solvent B (1.7% ammonium
hydroxide in ethanol), solvent C (Ethanol with 4% acetic acid), or solvent D (Ethanol with 4% formic acid) was evaluated daily from 1 to 7 days at room temperature
(RT). Percent change in T4 concentration was determined as the percent difference in measured concentration of each solution compared to the initial solution
concentration. Long-term stability of neat T4 solutions prepared in solvent B (1.7% ammonium hydroxide in ethanol) was evaluated over 2.6 years at 20 °C. Percent
change in T4 concentration (+SD) was determined as the percent difference in measured concentration of each solution compared to the initial solution concentration
at time O for serum or the initial gravimetric concentration for neat T4 solutions.

Solution Solvent Test Condition Duration Initial [T4] (95% CI) n Final [T4] (95% CI) n Percent Difference + SD p-value (o = 0.05)

T4 Stock A B Storage at —70 °C 2.9 years 450 ug/g - 449(436-462) 3 -0.2 + 0.6 0.98

T4 Stock B B Storage at =70 °C  1.5years  0.424 pg/g - 0.438(0.411-0.466) 4  3.3+4.6 0.19

T4 WS B Storage at —20 °C 2.6 years  1.05ng/g - 1.06(1.04-1.08) 5 1.0+33 0.70

50 pg/mLT4 A Storage at RT 7 days 46.2 pg/mL (40.6-51.8) 3 46.4(42.6-50.3) 3  05+34 0.46

50 pg/mLT4 B Storage at RT 7 days 47.3 pg/mL (42.8-51.8) 3 48.9(46.7-51.1) 3 34+19 0.06

50 pg/mLT4 C Storage at RT 7 days 50.0 pg/mL (42.7-57.3) 3 48.3(43.5-53.1) 3 34439 0.59

50 pg/mLT4 D Storage at RT 7 days 48.7 pg/mL (42.3-55.0) 3 41.8(33.7-49.9) 3 -141+67 0.001
(after 1.5 years) stored at the same temperature. Concentration of the T4 remained relatively unchanged from the initial concentration after
WS was within 1.0 + 3.3% of the gravimetric concentration when storage for 3.3 years, indicating stability when stored at this tempera-
determined by linear regression using a WS prepared 2.6 years previ- ture and duration. FT4 concentration in serum dialysate samples after
ously, suggesting that it is stable during this time period when stored at 48 h at room temperature was within —1.0 + 8.9% of the initial con-
—20 °C. Solutions of T4 (50 pg/mL) in solvents A, B, and C were within centration, indicating there was no significant loss of T4 in the collection
—3.4-3.4% of the expected gravimetric concentration after 7 days at tubes and that dialysate solutions are stable for at least 48 h at room
room temperature, confirming their stability with no significant temperature.

observed T4 loss during storage. Solutions of T4 prepared in solvent D
were significantly reduced in 7 days (p-value: 0.001); the decrease in T4 3.4. Comparison among different dialysis equipment types
concentration of 14.1% from day 1 to day 7 may be due to esterification

of formic acid in the presence of alcohol, which would change the so- Macro 1S, Micro, and Fast Micro-Equilibrium Dialyzer (FMED) cells
lution pH over time and thus make it unsuitable as a solvent when were tested for their ability to reach equilibrium within five hours and
preparing T4 solutions under these conditions. Based on these data, compared to results for the Macro 1 cells validated for use by the FT4
future T4 stock and WS should be prepared in either 100% ethanol or reference method under identical conditions, as summarized in
1.7% NH4OH in ethanol and stored at —20 °C to prevent stability-related Table 5A. Reaching equilibrium was determined by observing no sig-
changes to the T4 concentration. nificant change in concentration of serum samples between the fourth
and fifth hour, which was determined using the Student’s paired t-test.

3.3. Stability of FT4 in serum and serum extracts No significant difference was found between FT4 when dialyzing a
sample (18 pg/g) for three, four, five or six hours (within run, n = 5 per

Changes in T4 concentration with changing temperature and storage time point, p = 0.58, a = 0.05) for the Macro 1S and between four and
duration conditions are summarized in Table 4. The mean percent dif- five hours for the FMED cells (within run, n = 8 per time point, p = 0.35,
ference in T4 concentration among serum samples with FT4 concen- a = 0.05), suggesting that all were able to reach equilibrium within five
trations of 16.1-20.2 pmol/L between one and four freeze-thaw cycles hours. Sample FT4 concentrations (8.1-17 pg/g) from these cells were
was —0.5 + 3.6%, indicating that the serum was not significantly compared to the results of the dialysis cells used for the FT4 RMP and
changed after undergoing four freeze-thaw cycles before sample prep- evaluated based on the limits for imprecision (<5%) and bias (£+2.5%)
aration. FT4 levels in serum were stable at 5 °C for 18-20 h. Repeated established for the RMP [15]. The Macro 1S cells met the bias and
analysis of dialysate extracts from serum with 15.7-25.7 pmol/L stored imprecision criteria for the RMP with a mean bias of 1.2% to the results
in an auto-sampler at 5 °C for 4.8 days was reproducible, with a mean of the Macro 1 cells used by the RMP and imprecision of 2.1% calculated

percent difference of 0.6 + 2.5%. FT4 in serum stored at —70 °C over two days (n = 16). The Micro dialysis cells and FMED cells did not

Table 4

Stability of FT4 in serum and serum extracts Serum samples were evaluated to discern the freeze-thaw (-70 °C to room temperature) stability over four cycles before
sample preparation in comparison to the same serum samples that were thawed and prepared immediately from frozen (1 freeze-thaw cycle). The mean [FT4] in pmol/
L from both sets of samples were compared using the student’s paired t-test (a = 0.05). Long term serum stability during storage at —70 °C, stability of serum dialysate
extracts during analysis by LC-MS/MS, and short-term stability of serum stored at 5 °C was evaluated according to CLSI EP25-A [21].

[FT4], pmol/L (95% CI) Mean Percent Difference + SD
Sample ID Test Condition Duration Initial Condition n Final Condition n Individual Sample All samples p-value (o = 0.05)
Sample 1 Freeze-thaw 4 cycles 20.2(19.6-20.7) 6 19.9(18.7-21.1) 3 -1.3+23 —0.5+ 3.6 0.19
Sample 2 19.2(18.3-20.2) 6 19.8(16.9-22.7) 3 3.0+6.0 0.38
Sample 3 18.8(17.6-19.9) 6 19.7(16.4-22.9) 3 4.8 +6.9 0.11
Sample 4 16.3(15.6-17.0) 7 15.5(14.3-16.7) 8 —4.7 + 8.8 0.26
Sample 5 16.1(15.4-16.7) 7 15.7(14.7-16.6) 8 -2.6+7.0 0.39
Sample 6 18.9(17.9-19.9) 7 18.5(17.9-19.0) 9 -2.2+38 0.32
Sample 1 Storage at —70 °C 3.3 years 19.6(19.2-19.9) 5 19.8(19.2-20.3) 6 1.0 + 2.7 1.0 + 2.7 0.46
Sample 2 Storage at 5 °C 18-20 h 19.1(18.7-19.5) 17 19.3(18.7-19.9) 12 1.4 +5.0 -0.4+1.8 0.40
Sample 3 18.8(18.4-19.1) 17 18.6(17.9-19.3) 12 -1.2+ 59 0.50
Sample 4 15.6(15.1-16.1) 16 15.7(15.1-16.3) 9 0.8 + 4.9 0.73
Sample 5 16.0(15.5-16.4) 17 15.6(14.9-16.2) 9 —-25+55 0.28
Sample 3 Stability during analysis at 5 °C 4.8 days 17.9(17.0-18.9) 3 17.5(15.1-19.9) 3 —-2.3+43 0.6 + 2.5 0.47
Sample 7 15.7(14.5-16.9) 3 16.0(15.3-16.8) 3 2.0+ 1.5 0.40
Sample 8 33.2(25.4-41.1) 3 33.9(28.0-39.8) 3 2.2+ 27 0.92
Sample 9 Storage at RT 48 h 12.2(10.6-13.8) 3 12.1(9.39-14.8) 3 -1.0 + 89 -1.0 + 89 0.90
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Table 5
Results of testing equilibrium dialysis cells (A) and membrane MWCO (B) used
for ruggedness testing.

A Cell Type Macro Macro Macro Micro FMED
1 1 1S 0.2

Membrane 5 kDa 10 kDa 5 kDa 5 kDa 5 kDa
MWCO
N 16 8 16 14 8
%CV - 2.6% 2.1% 5.4% 20.9%
Mean % bias - 0.3% 1.2% 5.5% -18.1%
p-value (a = - 1.00 0.97 0.01 <0.0001
0.05)

B 3.5 kDa 5 kDa 10 kDa
Mean, pg/ % N Mean,pg/ % N  Mean,pg/ % N
mL cv mL cv mL Ccv
(pmol/L) (pmol/L) (pmol/L)
12.3 2.8 6 12.6 3.9 7 12.4 5.1 14
(15.9) (16.3) (16.1)
11.6 2.6 6 12.3 2.9 8 12.1 5.4 17
(15.0) (15.9) (15.7)
14.7 2.1 6 145 27 9 145 33 21
(19.0) (18.8) (18.8)
14.6 32 8 147 46 9 142 42 21
(18.9) (19.0) (18.4)

Multiple dialysis device types (Macro 1S, Micro, and Fast Micro-Equilibrium
Dialyzer or FMED cells) were tested to analyze their capability to reach equi-
librium within 5 h using sample FT4 concentrations. The samples from these
cells were compared to results of the dialysis cells used for the FT4 RMP at Ref4U
under identical conditions. Comparison of sample means among dialysis device
and membrane type using 1-way repeated measures ANOVA indicated signifi-
cant differences among the dialysis devices tested (p < 0.05). Pairwise testing
with adjustment for multiple comparisons was done to determine which sample
means of the 4 devices tested were significantly different from the means of the
reference device (“Macro 1”). Adjusted p-values indicate significant differences
in sample means for the FMED and Micro 0.2 devices.

bRegenerated cellulose membranes with MWCO 3.5, 5, and 10 kDa were tested
during equilibrium dialysis of 4 serum samples (ranging in T4 concentration
from 15.0 to 19.0 pmol/L) using the Macro 1S dialysis cells. Comparison of
sample means among membrane MWCO was determined using 1-way repeated
measures ANOVA. No significant differences in sample means among all samples
tested (p = 0.42) and all membranes tested (p = 0.12) were observed at the 5%
significance level.

produce results consistent with the existing RMP and were found to be
unsuitable for use in the RMP under stated conditions. The bias to the
RMP for both the Micro and FMED cells were outside of the + 2.5% limit
(5.5% and —18.1%, respectively). The imprecision of the Micro and
FMED cells were also > 5% in both cases (5.4% and 20.9%, respec-
tively). The increased imprecision and bias to the RMP of the FMED cells
may be due to their almost two-fold decrease in membrane surface area
and increased chamber depth of these devices which may slow diffusion
across the membrane [12]. The higher variability observed when using
FMED cells routinely contradicts previous observations of stable FT4
concentration during fourth and fifth hours of dialysis during testing
which suggests that equilibrium may not be reached within five hours;
additional testing at longer dialysis times is suggested before deter-
mining this device’s suitability for FT4 measurement.

The imprecision of measurement using 10 kDa membranes with the
Macro 1 dialysis cells was 2.6%. The mean bias for Macro 1 cells with 10
kDa membranes compared to those with 5 kDa membranes was 0.3%.
Interchangeability of 10 kDa and 5 kDa membranes was confirmed in a
separate experiment, where the influence of membrane MWCO on
sample FT4 concentration was assessed for serum with mean FT4 con-
centrations of 12.5 pg/mL (16.1 pmol/L, “Sample A”), 12.2 pg/mL
(15.7 pmol/L, “Sample B”), 14.6 pg/mL (18.8 pmol/L, “Sample C”), and
14.5 pg/mL (18.6 pmol/L, “Sample D) using the Macro1S dialysis cells.
Results from one-way repeated measures ANOVA are shown in Table 5b.
Comparison of Sample A-D data collected using 3.5, 5, or 10 kDa MWCO
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membranes indicates no significant difference in sample mean concen-
tration among the samples tested between the 3 different membrane
types at the a = 0.05 significance level (p = 0.12). This study demon-
strates that several membranes can be used interchangeably if conven-
tional steps such as ED temperature and buffer are maintained, making
the FT4 RMP independent of a specific manufacturer or membrane type
as long as a comparison study for the new type of membrane demon-
strates good agreement. It is important to note that the mean percent
dialysate volumes recovered for 3.5 kDa, 5 kDa, and 10 kDa membranes
were 85 + 6%, 77 + 8%, and 59 + 12% of the original serum volume
respectively; this could be an important consideration for measurement
sensitivity or for volume-critical measurements such as density
measurement.

The results demonstrated in this study can serve as a useful guide for
laboratories developing not only FT4 RMPs, but also routine ED-based
methods. They can be of use to invitro diagnostic device (IVD) manu-
facturers, as some of the results on T4 absorption and stability can be
applied to calibrator preparation and storage.

4. Conclusion

The reference measurement system for FT4 follows strict conven-
tions for ED time, pH, and temperature to ensure reproducibility of re-
sults across all reference measurement procedures. Deviations from
these conventions can alter the endogenous free-bound T4 equilibrium;
furthermore, adsorption of T4 to labware used in preparing calibrators
and patient samples can negatively influence FT4 measurements and
lead to inaccurate results. Based on our testing, untreated borosilicate
glass and either ethanol or ethanol with ammonium hydroxide as a pH
modifier were selected for use at CDC when preparing calibrators due to
higher recovery observed for these neat T4 solutions. However, due to
potential differences in availability and lot-to-lot variations of materials,
it is recommended that each laboratory individually consider the impact
of their specific equipment and materials on their FT4 measurements.

Studying what can be changed during the ED step brings the method
closer to the ultimate goal of independence from specific manufacturer
devices and membranes, thereby helping to ensure continuity of the
reference measurement system should these devices become unavai-
lable. Careful selection of dialysis device, calibrator, sample preparation
labware, and solvent is necessary in order to prevent any loss of FT4
during the critical steps of FT4 measurement before this loss can be
accounted for by the addition of an internal standard.
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