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Background: Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
is increasingly used for immunosuppressive drug tests. However, most LC-MS/MS tests
are laboratory-developed and their agreement is unknown in different Korean laboratories.
This interlaboratory comparison study evaluated test reproducibility and identified poten-
tial error sources.

Methods: Test samples containing three concentrations of tacrolimus, sirolimus, everoli-
mus, cyclosporine, and mycophenolic acid were prepared by pooling surplus samples
from patients undergoing routine therapeutic drug monitoring and tested in duplicate in
the participating 10 clinical laboratories. Reconstitution and storage experiments were
conducted for the commonly used commercial calibrator set. The robust estimators of re-
producibility parameters were calculated. Spearman’s rank correlation coefficient (rho, p)
was used to evaluate the correlation between drugs. Multiple linear regression was used to
determine whether the experimental conditions alter the calibration curves.

Results: The reproducibility coefficient of variation exceeded 10% only for sirolimus con-
centrations 1 and 2 (10.8% and 12.5%, respectively) and everolimus concentrations 1
and 2 (12.3% and 11.4%, respectively). The percent difference values showed weak cor-
relations between sirolimus and everolimus (p=0.334, P=0.175). The everolimus calibra-
tion curve slope was significantly altered after reconstitution following prolonged 5°C stor-
age (P=0.015 for 14 days; P=0.025 for 28 days); the expected differences at 6 ng/mL
were 0.598% for 14 days and 0.384% for 28 days.

Conclusions: LC-MS/MS test reproducibility for immunosuppressive drugs seems to be
good in the Korean clinical laboratories. Continuous efforts are required to achieve test stan-
dardization and harmonization, especially for sirolimus and everolimus.
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INTRODUCTION

Immunosuppressive drugs are essential for successful trans-
plantation, as they reduce the risk of rejection [1]. The five im-
munosuppressive drugs most commonly prescribed for the pre-
vention of graft loss and organ rejection are tacrolimus (TAC), si-
rolimus (SIR), everolimus (EVE), cyclosporine (CSA), and myco-
phenolic acid (MPA) [2, 3]. Calcineurin inhibitors, such as TAC,
SIR, EVE, and CSA, have narrow therapeutic ranges and high
interindividual pharmacokinetic variability. Therefore, therapeu-
tic drug monitoring (TDM) is widely practiced to determine the
dosage adjustments needed to reach target blood concentra-
tions [4]. Although the utility of TDM for MPA remains contro-
versial, monitoring MPA concentrations is also sometimes rec-
ommended [5, 6].

Reliable measurements are essential for effective TDM of im-
munosuppressive drugs. Liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) is increasingly used for
TDM of immunosuppressive drugs, mainly owing to its high an-
alytical specificity and the ability to perform multiplex tests [1].
However, most LC-MS/MS tests used in laboratories are devel-
oped, calibrated, and validated in-house. This could lead to rel-
atively poor interlaboratory agreement between independently
developed tests, thus hindering the adoption of common clinical
practice guidelines [71].

There are proficiency testing (PT) programs for immunosup-
pressive drug TDM operated by the College of American Pathol-
ogists (CAP) or the Korean Association of External Quality As-
sessment Service (KEQAS). However, the CAP international PT
programs do not provide nation-specific information [8], and the
KEQAS PT programs included only a few participating laborato-
ries using LC-MS/MS methods [9]. Therefore, the test reproduc-
ibility of immunosuppressive drug TDM by LC-MS/MS in Korea
is unknown. An interlaboratory comparison study could deter-
mine test reproducibility across laboratories, as well as overall
repeatability [10]. Interlaboratory comparisons could also con-
tribute to laboratory performance improvement, with proper re-
views of test practices and follow-up on the implementation of
corrective actions [11-13].

We conducted an interlaboratory comparison study by includ-
ing most of the clinical laboratories performing immunosuppres-
sive drug TDM by LC-MS/MS in Korea and investigated calibra-
tor reconstitution and storage conditions as potential error sources.
We aimed to document current practices used for immunosup-
pressive drug TDM by LC-MS/MS, evaluate the reproducibility of
these tests, and identify potential error sources contributing to
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interlaboratory imprecision.

MATERIALS AND METHODS

Interlaboratory comparison scheme

Based on the results of a previous survey of members of the
Korean Society of Clinical Chemistry [14], 10 clinical laborato-
ries performing immunosuppressive drug TDM by LC-MS/MS
were asked to participate in this study. After enroliment, the test
samples were prepared in Asan Medical Center, Seoul, Korea,
dispatched to the participating laboratories on dry ice in a Styro-
foam box on 23 July 2018, and reached the laboratories within
two days. Participating laboratories were asked to perform the
test within three days of receiving the test samples. For each
test sample, participating laboratories were asked to make du-
plicate aliquots for testing before the sample preparation step.
Test results and method information, including the dates of re-
ception and test, calibrator, internal standard, LC manufacturer,
MS manufacturer and model, and extraction method, were col-
lected in a formatted Excel file. Additional surveys regarding cal-
ibrator reconstitution protocols were conducted by e-mail. The
data was compiled and analyzed at Asan Medical Center. The
Institutional Review Board of Asan Medical Center exempted
the approval for this study (reference number: 2018-1070).

Preparation of test samples

Surplus samples from patients undergoing routine TDM were
pooled to achieve three different concentrations of test samples
for each drug. The samples included EDTA whole blood for
TAC, SIR, EVE, and CSA and EDTA plasma for MPA. The sam-
ples were collected for seven days and stored at 4°C up to
seven days before pooling. The samples were pooled based on
their reported concentrations to achieve concentrations below,
within, and above the therapeutic range of each drug. Each 1
mL pooled sample was distributed in a glass vial after mixing on
a roller mixer for 1 hour. The minimum number of vials for each
test sample was 10; for TAC concentration 2 (TAC-2), 30 vials
were prepared to evaluate homogeneity and short-term stability.
The test samples were stored at -70°C before delivery. Thus, the
samples underwent only one freeze-thaw cycle before being
tested at the participating laboratories. For TAC-2, 10 vials were
tested in triplicate on the day of production to evaluate homoge-
neity. To evaluate short-term stability, two vials were stored at
5°C for five days and then tested for TAC in duplicate. These
four results were compared with the homogeneity values. In the
homogeneity assessment, a between-sample standard deviation
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<0.3Ss was considered acceptable. In the stability assessment,
a difference from the homogeneity mean <0.3S;was considered
acceptable.

Details of participating laboratories

All test samples were in a frozen state on arrival at each labora-
tory. Details of the methods used in each laboratory are shown
in Table 1. All laboratories conducted simultaneous detection
with the following combinations: TAC+SIR+EVE+CSA (six labo-
ratories) and TAC+SIR+EVE (three laboratories); one laboratory
(Lab F) that was supposed to perform a CSA test with a TAC+
SIR+EVE+CSA combination did not receive the CSA test sam-
ples due to a communication error. In total, TAC detection was
performed in 10 laboratories, SIR detection in nine laboratories,
EVE detection in nine laboratories, CSA detection in eight labo-
ratories, and MPA detection in three laboratories. All participat-
ing laboratories used commercial calibrator sets from Chrom-
systems Instruments & Chemicals GmbH (Gréfelfing, Germany).

Evaluation of calibrator reconstitution method and storage
as calibration bias factors

Based on the survey results of the calibrator reconstitution meth-

Table 1. Drug measurement methods used in participating laboratories
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ods of participating laboratories, we conducted an experiment
on calibrator reconstitution and storage conditions. To evaluate
the impact of the calibrator reconstitution process and prolonged
storage after reconstitution, we used the lyophilized calibrator
6PLUS1 Multilevel Whole Blood Calibrator Set (Lot no. 4917
Chromsystems Instruments & Chemicals GmbH) with six differ-
ent concentrations plus one blank value. The calibrator contained
TAC, SIR, EVE, and CSA; however, CSA could not be measured
in the experimental test system.

The calibrators were stored at -70°C until use and then thawed
at room temperature (20-25°C) for 30 minutes before adding
2.0 mL of distilled water to each vial. The contents of the vials
were then mixed under two different conditions: static incuba-
tion (sitting) for 30 minutes at room temperature (20-25°C) af-
ter the addition of water followed by mixing on a roller for 60 min-
utes (Condition AO) or mixing on a roller for 20 minutes without
static incubation (Condition BO). Aliquots from these vials were
tested in four replicates. Aliquots from Condition AO vials were
initially frozen at -20°C and then thawed on different days, re-
sulting in four storage conditions: 42 days at -20°C (Condition
Al), 35 days at -20°C and seven days at 5°C (Condition A2), 28
days at -20°C and 14 days at 5°C (Condition A3), and 14 days

MS instrument

Laboratory code Test drugs Internal standard LC manufacturer* manufacturer* MS instrument model
A TAC+SIR+EVE Ascomycin+SIR-ds-+EVE-d, Shimadzu SCIEX Triple Quad 4500
CSA CSD Agilent Agilent 6460 Triple Quadrupole
MPA Indomethacin Waters Waters Quattro Micro
TAC+SIR+EVE+CSA Ascomycin Waters Waters Quattro Premier
TAC+SIR+EVE Ascomycin+SIR-ds+EVE-d, Waters Waters Xevo TQ-S
TAC+CSA Ascomycin+CSD Waters Waters Xevo TQD
MPA Indomethacin Waters Waters Xevo TQD
E TAC+SIR+EVE Ascomycin Waters Waters Xevo TQD
CSA CSD Waters Waters Xevo TQD
F TAC+SIR+EVE+CSA Ascomycin+EVE-ds:+CSD Agilent Agilent 6490 Triple Quadrupole
G TAC+SIR+EVE+CSA Ascomycin+SIR-ds+EVE-ds+CSD Agilent SCIEX API 4000
H TAC+SIR+EVE+CSA TAC-"C,d+SIR-ds+EVE-ds+CSA-ds Agilent SCIEX API 3200
| TAC+SIR+EVE+CSA Ascomycin Agilent SCIEX QTRAP 5500
MPA MPA-d; Agilent SCIEX QTRAP 5500
J TAC+SIR+EVE+CSA Ascomycin+CSD Agilent SCIEX Triple Quad 3500

Most laboratories used precipitation with organic solvent mixture followed by centrifugation for extraction, except Lab |, which used liquid/liquid extraction.
All the participating laboratories used the commercial calibrator from Chromsystems Instruments & Chemicals GmbH (Gréafelfing, Germany).

*The manufacturer names are indicated using their short names: Agilent, Agilent Technologies (Santa Clara, CA, USA); SCIEX, AB SCIEX (Foster City, CA,
USA); Shimadzu, Shimadzu Corporation (Kyoto, Japan); Waters, Waters Corporation (Milford, MA, USA).

Abbreviations: CSA, cyclosporine; CSD, cyclosporine D; EVE, everolimus; LC, liquid chromatography; MPA, mycophenolic acid; MS, mass spectrometry;

TAC, tacrolimus; SIR, sirolimus.
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at -20°C and 28 days at 5°C (Condition A4). These aliquots were
tested in duplicate on the same day.

Simultaneous quantification of TAC, SIR, and EVE was per-
formed for the calibrators in the same manner as for patient sam-
ples at Asan Medical Center. Briefly, 40 puL samples were pre-
pared by protein precipitation using 80 pL of aqueous 0.1 M
zinc sulfate and 200 pL of acetonitrile containing the internal
standards. The internal standard solution consisted of ascomy-
cin (Cerilliant, Round Rock, TX, USA), SIR-ds (IsoSciences, Am-
bler, PA, USA), and EVE-ds (Cerilliant). HPLC was conducted
using an ACQUITY UPLC I-Class system (Waters Corporation,
Milford, MA, USA) equipped with an ACQUITY UPLC HSS SB
C18 column (30 mmx2.1 mm, 4 um; Waters Corporation). The
system was operated at a flow rate of 0.2 mL/min with a column
temperature of 55°C. The mobile phase for isocratic elution con-
sisted of 50% methanol (HPLC grade; Merck, Darmstadt, Ger-
many) and 50% ammonium acetate buffer (2 mM, pH 2.7, with
>98% acetate ammonium; Sigma-Aldrich, St. Louis, MO, USA).
MS was detected on a Xevo TQ-S LC-MS/MS system (Waters
Corporation) using positive electrospray ionization and argon as
the collision gas. Peak areas were obtained by multiple reaction
monitoring of the following mass transitions for quantification:
TAC (m/z 821.5>768.5), SIR (m/z 931.6>864.6), EVE (m/z
975.7>908.6), ascomycin (m/z 809.5>756.5), SIR-ds (m/z
934.6>864.6), and EVE-ds (m/z 979.7>912.6). Response val-
ues were calculated using the resultant peak areas (area of ana-
lyte/area of internal standard). LC-MS/MS analysis and data ac-
quisition were managed using Masslynx software version 4.1
(Waters Corporation). TargetLynx software version 4.1 (Waters
Corporation) was used for chromatographic peak detection and
baseline determination.

Statistical analysis

Data from the participating laboratories were used to estimate
test reproducibility. The repeatability standard deviation (S)) is the
root mean square value of all differences in wi;, where w; is the
difference between the duplicate measurement results in the /"
laboratory and the number of participating laboratories is p:

> a2 /-1
i=1
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where d; = ¥; — ¥ and the average of the duplicate measure-
ment results in the i laboratory is x;, and the average of the %
for one test sample is x.

When (Sg)? > (S,)?/2, the reproducibility standard deviation

(Sr) is:
Sr =+ (S)? + (5:)?/2
The reproducibility coefficient of variation (CVz) is:
CVg = 100Sg/%

Robust statistical methods based on the medians were also
used to describe the result distribution. The robust repeatability
standard deviation (S,*) was calculated using Algorithm S (ISO-
13528:2015) [15, 16]. The robust standard deviation of the sam-
ple averages (Sg") is:

S;" = 1.483med(|D;])

which is the scaled median absolute deviation (MADe), where
D; = x; — med(x). The percent difference (D%) was used to
describe the deviation in the individual laboratory results, calcu-
lated as %D; = 100D;/med(¥). The robust reproducibility stan-
dard deviation (Sr*) and the robust reproducibility CV (CV&*) were
calculated as Sp* = /(Sz)2 + (5,)2/2 and %RSDr* =100Sy* /med (%),
respectively. Spearman’s rank correlation coefficient (rho, p) was
calculated to determine the relationship between the D% values
of different test drugs paired with similar drug concentration mea-
surements.

For the result analysis, a multiple linear regression model was
used to compare the slopes of the calibration curves (non-weighted):
Y= Po+p1X+PXDc+e

where the response value is Y, the assigned value of calibra-
tor is X, and the dummy variable of the conditions is D¢. The t-
test on coefficient 2 was performed to determine whether the
slopes obtained from the reconstitution or the storage conditions
were different from those at the baseline conditions (AO or Al),
with P<0.05. Data integration, analysis, and visualization were
performed using R version 3.6.3 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Homogeneity and short-term stability of TAC-2

In the homogeneity test, the overall average of TAC-2 was 8.99
ng/mL. Because the variance of sample averages was <1/3 of
the within-sample variance, the between-sample standard devi-
ation was estimated as 0. Therefore, the homogeneity was con-
sidered sufficient. In the short-term stability test, the overall av-
erage of TAC-2 was 8.88 ng/mL. Its difference from the homo-
geneity mean was 0.11 ng/mL, which was lower than the calcu-
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lated check value (0.17, 0.3S; of TAC-2). Therefore, the stability ~ shown in Table 2. The robust reproducibility CVs (CVk*) were

was considered acceptable. >10% for SIR-1, SIR-2, EVE-1, and EVE-2. A pattern suggesting
a positive correlation among test samples was identified when the
Measurement results of the participating laboratories distribution of D% values was visualized using a heatmap table

Statistical summary of the laboratory measurement results is  (Fig. 1A). For correlation analysis between the results for different

Table 2. Summary statistics of laboratory measurement results

Pa[ticipat.ing Test General without outlier removal Robust statistics

Drg laboratores comple  Mean(p S S S Q% edEan e e sk opr
() ’ ’ ' " (medy) ™ ’ ' "

TAC (ng/mL) 10 TAC-1 541 0.41 0.48 0.57 10.5 5.59 0.31 0.24 0.32 5.8
TAC-2 8.93 0.39 0.57 0.63 7.1 8.84 0.24 0.19 0.25 2.8

TAC-3 15.83 0.50 1.33 1.37 8.7 16.05 0.30 1.43 1.45 9.0

SIR (ng/mL) 9 SIR-1 3.50 0.19 0.29 0.32 9.1 3.55 0.14 0.37 0.38 10.8
SIR-2 5.83 0.36 0.88 0.92 15.7 5.55 0.27 0.67 0.69 12.5

SIR-3 12.08 1.13 0.61 1.00 8.3 11.96 0.85 0.61 0.86 7.2

EVE (ng/mL) 9 EVE-1 243 0.25 0.33 0.38 15.5 2.45 0.19 0.27 0.30 12.3
EVE-2 3.53 0.39 0.36 0.46 12.9 3.55 0.27 0.36 0.40 114

EVE-3 5.89 0.25 0.49 0.53 89 5.90 0.19 0.52 0.54 9.1

CSA (ng/mL) 8 CSA-1 30.10 1.67 2.83 3.06 10.2 29.85 0.78 0.70 0.89 3.0
CSA-2 63.78 2.32 3.77 412 6.5 63.45 1.15 2.37 2.51 4.0

CSA-3  149.93 4.55 10.44 10.92 7.3 149.40 8153 9.01 9.35 6.3

MPA (mg/L) 3 MPA-1 0.76 0.06 0.06 0.07 9.3 0.77 0.04 0.07 0.07 9.6
MPA-2 1.94 0.14 0.18 0.21 10.7 1.90 0.11 0.17 0.19 9.8

MPA-3 5.16 0.08 0.12 0.14 2.6 5.10 0.06 0.04 0.06 11

Abbreviations: CSA, cyclosporine; EVE, everolimus; MPA, mycophenolic acid; TAC, tacrolimus; SIR, sirolimus.

o -9.31- 215 e 4 r : -

TAC1- 537 331 385 -242 027 027 206 : | .
! ! Pair of test samples
TAC2- 042 1496 580 -042 -042 -0.76 354 -2.07 -10.61 0.48 ; : ® SIR-1 and EVE-2
: :
TAC-3- -14.33 1184 -031 031 -405 062 062 -7.98 -1028 10.06 2 " ! A SIR-2 and EVE-3
4 :
SIR-1- 7.89 958 000 282 282 -493 -7.04 -13.66 -1127 NA ! !
o ) Y S [ Lab code
SIR-Z--15.41 811 0.00 1081 -0.18 -541 -2. na D% 2 ! e o
@ = ' |
S SIR3- 7.02 995 201 868 217 -250 552 NA !20 S 0+ A e g0 ) 4 ®B
5 ES : :
2 EVE-1-- 1347 408 612 000 - NA . = ' A A ec
E S [ ."A. —————————————————— [ 3
EVE-2- 225 676 -141 -9.86 0.0 -10.00 0.00 -1330- A g (N i oF
- 1 1
EVE-3- 1390 966 000 339 -6.78 -12.80 593 -415 085 NA 20 : ) :ﬁ
: )
CSA-1---1.34 101 101 NA 117 1206 NA 184 -4.36 : 1 P
: |
CSA-2- 1237 181 323 -032 NA -7.17 559 NA 032 -047 | | o)
40 ' d
CSA-3- 1379 -094 131 519 NA -930 094 NA -2.95 -519 L L . L . L L
S -40 20 0 2 40

(o3 G
Lab code D% for sirolimus

Fig. 1. Correlation between the test samples. (A) The percent difference in individual laboratory results (D%) for each test sample. The
cells are colored according to the D% values. The laboratory order is based on the average of the D% values, except for Lab E and Lab D,
for pattern readability. (B) Correlation of D% values for test samples with similar concentrations for SIR and EVE. Test sample pairs are indi-

cated by a triangle or circle, and the colors indicate the laboratory code.
Abbreviations: CSA, cyclosporine; EVE, everolimus; NA, not available; SIR, sirolimus; TAC, tacrolimus.
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drugs, the test samples were paired in similar concentrations:
SIR-1 and EVE-2 and SIR-2 and EVE-3 (N=18); TAC-1 and SIR-2
(N=9); and TAC-1 and EVE-3 (N=9). The p values between SIR
and EVE, TAC and SIR, and TAC and EVE results were 0.334
(P=0.175), 0.383 (P=0.308), and -0.150 (P=0.700), respectively.
SIR and EVE results showed a weak positive correlation (Fig. 1B).

Table 3. Additional calibrator reconstitution survey results

Laboratory incs:s’e[lltcion Mix tjme, Mixing by Use 0}‘ tirnpr
code AT (Static/Mix)

A 30 60 Roller mixer Yes/Yes

B 15 15 Roller mixer Yes/Yes

C 15 5 Roller mixer Yes/Yes

D 10 20 Roller mixer Yes/Yes

E 0 60 Roller mixer Yes

F 20-30 10 Roller mixer No/Yes

G 0 45 Roller mixer Yes

H 0 20 Roller mixer Yes

I 10-15 20-30 Roller mixer No/No

J 0 90 Shaker Yes

Table 4. Calibrator reconstitution and storage experiment results
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Calibrator reconstitution and storage conditions experiment
Additional survey results for the calibrator reconstitution proto-
cols are shown in Table 3. Based on the survey results, Condi-
tions AO (similar to Lab A protocol) and BO (similar to Lab H pro-
tocol) were selected. The slopes of the calibration curves did not
significantly differ between these two conditions (Table 4).

In the experiment on storage conditions, the calibration curve
slopes of SIR from Conditions A2 and A3 (P<0.001 and P=
0.030) and of EVE from Conditions A3 and A4 (P<0.001 and
P=0.009) were significantly different from those of Condition
Al. When the response value corresponding to a concentration,
for example, of 6 ng/mL (similar to the mean concentrations of
SIR-2) from the baseline condition calibration curve was entered
into the experimental condition equation, positive biases were
present in conditions A1-A3; however, the percent differences
were expected to be in the range of 0.217-0.598% (Table 4).

DISCUSSION

This is the first interlaboratory comparison study of LC-MS/MS
for immunosuppressive drug TDM in Korea. The test reproduc-
ibility was generally good, and the robust reproducibility CVs were

Experiment Drug Condition Coefficient B2 (95% Cl) P* Expected concentration at 6 ng/mL (%diff)
Reconstitution TAC A0 Baseline 6.000 (Baseline)
BO 0.00012 (-0.00034-0.00058) 0.612 5.997 (-0.049)
SIR A0 Baseline 6.000 (Baseline)
BO -0.00005 (-0.00043-0.00032) 0.772 6.002 (0.029)
EVE A0 Baseline 6.000 (Baseline)
BO -0.00015 (-0.00036-0.00005) 0.141 6.007 (0.112)
Storage TAC Al Baseline 6.000 (Baseline)
A2 -0.00037 (-0.00102—0.00028) 0.257 6.009 (0.143)
A3 -0.00028 (-0.00093-0.00037) 0.386 6.007 (0.109)
A4 -0.00022 (-0.00087-0.00043) 0.496 6.005 (0.086)
SIR Al Baseline 6.000 (Baseline)
A2 -0.00157 (-0.00239—0.00076) <0.001 6.033 (0.555)
A3 -0.00091 (-0.00173—0.00009) 0.030 6.019 (0.321)
A4 -0.00061 (-0.00143-0.00020) 0.138 6.013 (0.217)
EVE Al Baseline 6.000 (Baseline)
A2 -0.00043 (-0.00098-0.00012) 0.121 6.013 (0.222)
A3 -0.00117 (-0.00172—0.00062) <0.001 6.036 (0.598)
A4 -0.00075 (-0.00130—0.00020) 0.009 6.023 (0.384)
*Pfrom ttest on coefficient Se.
Abbreviations: Cl, confidence interval; EVE, everolimus; TAC, tacrolimus; SIR, sirolimus.
https://doi.org/10.3343/alm.2021.41.3.268 273
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slightly greater than 10% for SIR-1, SIR-2, EVE-1, and EVE-2
with low analyte concentrations. The storage conditions experi-
ment showed that the calibration curve slopes for SIR and EVE
changed with prolonged storage of the reconstituted calibrator
at 5°C; however, the magnitude of the change was small. Thus,
other factors might affect their interlaboratory imprecision.

The method survey results showed that the method details
varied across laboratories. For sample preparation, most labora-
tories used simple protein precipitation methods, and none used
additional solid-phase extraction. For internal standards, struc-
tural analogs, such as ascomycin, cyclosporine D, and indometh-
acin, were more commonly used than a stable isotope-labeled
internal standard. Although some laboratories used similar sam-
ple preparation methods and internal standards and the same
commercial calibrator, their test performance could vary depend-
ing on the specific protocol followed [17].

In our study, the robust reproducibility CVs were >10% for
the SIR-1, SIR-2, EVE-1, and EVE-2 test samples. Similarly, in
the participant summary reports of the CAP international PT pro-
grams conducted in 2018, the CVs of SIR and EVE measured
by LC-MS/MS were higher than those of the other drugs [8, 18-
20]. The reconstitution procedure of the commercial calibrator
from Chromsystems is not specified by the manufacturer in de-
tail [21], and the reported times for static incubation and mixing
varied across laboratories (Table 3). Considering this, we experi-
mentally determined whether calibrator handling affects the cal-
ibration curve and contributes to interlaboratory imprecision. In
our experiment, reconstitution with a shorter mixing time did not
significantly alter the calibration curve slope, suggesting that the
impact of the differences in mixing times is relatively small. How-
ever, to prevent possible inadequate mixing or unnecessary time-
consuming procedures, the manufacturer’s recommendation
for mixing the calibrator should be specified more clearly. Re-
garding storage conditions, the manufacturer recommends that
the reconstituted calibrator can be stored up to one week at 2-8°C.
In our experiment, the calibration curve slopes for SIR and EVE
changed with prolonged storage (>one week) of the reconsti-
tuted calibrator at 5°C. However, the magnitude of the difference
was small, suggesting that a certain extent of prolonged storage
after reconstitution might not be a major source of bias.

Although the use of a common calibrator for LC-MS/MS mea-
surement of serum 25-hydroxyvitamin D significantly improved
interlaboratory agreement [22], sufficient harmonization among
LC-MS/MS methods cannot be achieved by simply using the
same commercial calibrator set, as demonstrated for TAC by
Levine, et al. [23]. The use of a stable isotope-labeled internal
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standard, which is generally considered the most effective way
of compensating for the matrix effect, also does not ensure test
performance improvement [24, 25]. This is because LC-MS/MS
tests can be affected by other factors, such as sample and re-
agent volumes, sample preparation protocols, chromatography
procedure, and the mass transitions monitored [7]. The inter-
laboratory comparison in the ongoing Zortracker EVE study is a
good effort in this regard; improved interlaboratory CV has been
demonstrated across the LC-MS/MS laboratories during the ob-
servation period, along with a decreased number of outliers [26].

Our study has several limitations: first, we did not assign a ref-
erence value to the test samples; therefore, we could not assess
laboratory bias. Instead, we aimed to assess test reproducibility
in this first interlaboratory comparison in Korea. A refined follow-
up study with traceable assigned values of test samples is needed
to assess laboratory bias. Our results could serve as the basis
for such a study. In addition, we could not evaluate the homo-
geneity and the stability of all the test samples owing to the in-
sufficient sample volume. However, we produced the test sam-
ples at the same time and in the same manner, and TAC-2 rep-
resentatively showed acceptable homogeneity. To minimize po-
tential issues with stability, the test samples were shipped in a
frozen state and were thawed on the day that the laboratories
conducted the tests.

It is challenging to reliably assess interlaboratory comparison
results with a small number of participating laboratories [27].
Estimation of location and dispersion for very small datasets can
be biased to some degree, even with reasonable outlier rejection
and robust statistics. The possibility of high variability in disper-
sion estimates should be noted. For a balanced summary, we
described both estimators using general statistics without outlier
removal or robust statistics. As most people in charge of LC-MS/
MS in clinical laboratories are members of the Korean Society of
Clinical Chemistry, all of whom participated in this study, the
possibility of sampling bias is minimal.

This study provides a snapshot of the current status of immu-
nosuppressive drug TDM by LC-MS/MS in Korea. Although the
test reproducibility seems to be good, continuous efforts are re-
quired to achieve test standardization and harmonization, espe-
cially for SIR and EVE. This study could provide background
data for further interlaboratory comparison studies and PT. Un-
like general chemistry tests, immunosuppressive drug TDM by
LC-MS/MS is conducted as a multiplex test by a small number
of laboratories. Further studies should be designed with consid-
eration of these conditions.
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