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Abstract. Therapeutic drug monitoring is an essential tool 
when managing the therapeutic use of immunosuppressant 
cyclosporine A (CsA) in cases with solid organ transplanta‑
tion. In China, the concentration of CsA is primarily measured 
using immunoassays. However, existing literature recom‑
mends mass spectrometry as the current gold standard for the 
quantitation of CsA. In the present study, it was attempted to 
develop a novel application to determine CsA concentrations 
by using ultra‑performance liquid chromatography coupled 
to high‑resolution mass spectrometry (UPLC‑HRMS). This 
technique was then compared with a commercially avail‑
able chemiluminescent microparticle immunoassay (CMIA) 
and it was investigated how clinical factors may contribute 
to quantitation differences between the two methods. An 
UPLC‑Orbitrap‑MS method was developed to determine 
CsA concentrations and this method was validated using 
guidelines put forward by the Food and Drug Administration 
from the US. In total, 127 blood samples were acquired from 
patients undergoing kidney transplantation and analyzed 
by UPLC‑HRMS and CMIA assays. The novel method 
provided sensitive, accurate and precise results. The mean 
CsA concentration measured by CMIA was significantly 
higher than that measured by UPLC‑HRMS (85.70±48.99 
vs. 67.06±34.56 ng/ml, P<0.0001). Passing Bablok analysis 
yielded a slope of 1.34 (95% CI: 1.22‑1.47) and an intercept of 
‑2.54 (95% CI: ‑10.29‑5.52). A group of samples with a higher 
metabolic ratio (hydroxylated CsA/CsA>1) exhibited larger 
discrepancies, while a group of samples taken from patients 

with a longer post‑transplantation time (>10 years) featured 
narrow 95% CIs from ‑15.32 to 65.69%, as determined by 
Bland‑Altman analysis. In summary, a reliable, accurate and 
rapid UPLC‑HRMS method for CsA analysis was successfully 
developed. The measurement of CsA by the CMIA assay in 
renal transplant patients should be further evaluated with a 
specific focus on positive bias.

Introduction

Cyclosporine A (CsA) is a potent immunosuppressant that has 
been widely used as a first‑line therapeutic to prevent solid 
organ rejection after transplantation (1). However, determining 
the appropriate dose of CsA is complicated by narrow thera‑
peutic indices and variability in intra‑ and inter‑individual 
pharmacokinetics and pharmacodynamics (2,3). Therefore, 
therapeutic drug monitoring (TDM) is highly recommended. 
During therapy, CsA levels are maintained within a narrow 
therapeutic window (4). Consequently, it is vital that the 
concentrations of CsA are measured in blood samples in an 
accurate and precise manner.

For several decades, semi‑automated and automated 
immunoassays were the most widely used methodology for 
determining the levels of CsA in the blood. These methods 
included chemiluminescent immunoassay (CMIA), ELISA, 
enzyme multiplied immunoassay and fluorescence polarization 
immunoassay. However, these methods lack specificity, as they 
cannot clearly distinguish CsA from its metabolites (5‑7); this 
is a significant problem, particularly because the concentration 
of CsA metabolites increases over the course of treatment.

Ultra‑performance liquid chromatography coupled to 
high‑resolution mass spectrometry (UPLC‑HRMS) has already 
been proven as an important analytical tool for the quantification 
of drugs (8‑11). Although triple quadrupole mass spectrometers 
are commonly present in clinical laboratories (12,13), there 
are major advantages to the application of UPLC‑HRMS. For 
instance, UPLC‑HRMS has a high mass accuracy (2‑5 ppm), 
a resolving power of 150,000 full width at half maximum 
(FWHM), provides full scan data and the method is simple 
to develop. Collectively, these factors make UPLC‑HRMS a 
highly useful and powerful tool for high‑performance analyses 
of drugs and their metabolites (9,10).
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However, only a small number of studies have reported 
on the application of UPLC‑HRMS for the detection of CsA 
concentrations from a clinical viewpoint (5,6). In the present 
study, an HRMS‑based method for the determination of CsA 
was developed and validated. The novel method was then 
compared with a commercial CMIA assay by analyzing 
127 samples from renal transplant patients.

Materials and methods

Sample collection. In total, 127 blood samples were collected 
from patients who had undergone kidney transplantation at the 
China‑Japan Friendship Hospital (Beijing, China) for TDM of 
CsA from March 2019 to September 2019. All samples were 
collected using EDTA as an anti‑coagulant. Frozen blood 
samples were supplied in routine blood collection tubes and 
stored at ‑80˚C prior to analysis.

Materials and reagents. CsA (99% purity) was purchased 
from The European Directorate for the Quality of Medicines 
& Healthcare and CsA‑d4 (95% purity) was purchased 
from Toronto Research Chemicals. Chromatographic grade 
acetonitrile, methanol, ammonium acetate and formic acid, 
were obtained from Thermo Fisher Scientific, Inc. Zinc 
sulfate heptahydrate (analytical grade) was obtained from 
Sinopharm Chemical Reagent Co., Ltd. Deionized water 
was purified with a Milli‑Q Plus Ultrapure water system 
(Millipore Corp.). The CMIA method was performed on an 
Abbott ARCHITECT i1000SR system (Abbott Laboratories) 
and required a calibrator and CsA kit (cat. no. 1L75‑25); these 
were also obtained from Abbott Laboratories. The acceptable 
ranges of CMIA quality control samples were defined as per 
the manufacturer's instructions.

Instrumentation and UPLC‑HRMS conditions. Experiments 
were performed on an Ultimate 3000 system combined with 
a Q Exactive mass spectrometer (Thermo Fisher Scientific, 
Inc.) that was used in full scan mode and positive electrospray 
ionization. CsA, hydroxylated (H)CsA as the major metabolite 
and internal standard CsA‑d4 [internal standard (ISTD) for 
CsA] in whole blood samples were separated on an Acquity 
UPLC BEH C18 column (50x2.1 mm, 1.7 µm particle size; 
Waters) maintained at 40˚C. Mobile phase A consisted of 
2 mM ammonium acetate with 0.1% formic acid (v/v) in water. 
Mobile phase B consisted of 0.1% formic acid (v/v) in aceto‑
nitrile. The gradient program started with 45% B, increasing 
to 50% B at 1.0 min; this changed to 80% B at 2.5 min. 
At 3.0 min, the mobile phase increased to 100% B then, hold 
at 100% B for 2 min. The total instrumental analysis time was 
6 min, including re‑equilibration of the column. The flow rate 
was set at 0.3 ml/min and the temperature of the auto‑sampler 
was set to 10˚C.

The optimized parameters of the HRMS system were 
as follows: Electron spray ionization positive mode; full 
MS scan; sheath gas and auxiliary gas flow rates of 28 arbi‑
trary units (AU) and 8 AU, respectively; a spray voltage of 
3.70 kV; a capillary gas heater temperature of 320˚C; a mass 
to charge ratio (m/z) range of 1,200‑1,220; and a resolution of 
70,000 (FWHM). The maximum injection time was 50 msec 
and the mass tolerance was set to 5 ppm. Analytes and internal 

standards with respective m/z were as follows: m/z 1,202.8485 
for CsA [M+H]+, m/z 1,218.8420 for HCsA [M+H]+ and 
m/z 1,206.8727 for ISTD [M+H]+.

Preparation of stock solutions, calibration curves and quality 
control samples. A stock solution of CsA and a working stan‑
dard of ISTD were prepared in methanol at concentrations of 
200 µg/ml and 400 ng/ml at room temperature (RT), respec‑
tively. Further calibration standards and quality controls (QCs) 
were prepared by serial dilutions using methanol. A calibration 
curve for blood CsA was established by diluting the compound 
in drug‑free human blood from different healthy donors to final 
concentrations of 5, 12.5, 25, 50, 100, 200, 400 and 800 ng/ml, 
and by preparing QC samples at 15, 350 and 700 ng/ml. These 
solutions were stored in 200‑µl aliquots at ‑80˚C prior to use.

Sample preparation. Prior to analysis, zinc sulfate heptahydrate 
solution (200 µl, 400 mM) was added to each blood sample, 
followed by gentle mixing. Subsequently, ISTD working 
solution (50 µl) was added and the mixture was vortexed for 
1 min. Afterwards, 400 µl of acetonitrile was added and the 
mixture was vortexed again for 5 min and then centrifuged 
at 11,290 x g for 5 min at 4˚C. Next, 800 µl of supernatant was 
transferred to a clean polypropylene tube and then evaporated 
to dryness at 40˚C in a vacuum centrifugal concentrator. The 
residues were finally reconstituted with 200 µl of the mobile 
phase A/B (55:45, v/v); 5‑µl aliquots were injected into the 
UPLC system for analysis.

Validation of the LC‑HRMS assay.
General. The experimental method was validated in strict 
accordance with the current guidelines from the Food and 
Drug Administration (FDA) (14). The validation of the 
method involved specificity, linearity, the lower limit of quan‑
tification (LLOQ), carryover effect, between‑ and within‑run 
accuracy and precision, matrix effect, recovery and storage 
stability.

Specificity. Six drug‑ and internal standard (ISTD)‑free blood 
samples were individually analyzed to detect interference 
from endogenous components. The specificity was acceptable 
when the interfering peak area was <20% of the peak area of 
CsA for the LLOQ and 5% for the ISTD.

Linearity and LLOQ. Linearity was assessed by measuring the 
seven calibration standard concentrations in the blood. A cali‑
bration curve was then created by plotting the peak area ratios 
of CsA to the ISTD against the concentration. The linearity 
of the calibration curve was assessed using the weighted 
least‑squares method with the reciprocal of the concentration 
squared (1/x2) serving as a weighting factor. The LLOQ was 
evaluated by analyzing five replicates of mixed whole blood 
samples at a concentration of 5.0 ng/ml. The concentration of 
HCsA was then calculated using the CsA calibration curve.

Carryover. Carryover was investigated by injecting five blank 
samples from different donors after the highest calibration 
standard (800 ng/ml). The peak area in the first blank sample 
was required to be <20% of the LLOQ for CsA and 5% for 
ISTD.
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Accuracy and precision. The accuracy and precision of the 
method were repeatedly assessed using four concentrations of 
QC samples (LLOQ, 15, 350 and 700 ng/ml) five times within 
a single run (intra‑day) and in a single series per day on three 
consecutive days (inter‑day). For the accuracy assay, the mean 
value was required to be within 15% (20% for LLOQ) of the 
nominal values for the QC samples. The precision was not 
supposed to exceed 15% (20% for the LLOQ) of the coefficient 
of variation.

Dilution integrity. To test dilution integrity, five blank 
matrix samples were spiked with a CsA concentration that 
was ~50% above the highest calibration standard and then 
diluted 5‑fold with blank matrix after sample preparation. 
The measured concentration was then back‑calculated and 
compared to the nominal concentration. The accuracy were 
required to be within 85 and 115%, the precision should not 
exceed ±15%, respectively.

Recovery. To evaluate the recovery of CsA, three concentrations 
of CsA (15, 350 and 700 ng/ml) were tested using six different 
blank blood samples. Recovery was then calculated as the mean 
ratio between the peak area of spiked samples after extraction 
and prior to extraction (CsA spiked in post‑protein precipitated 
drug‑free whole blood). The variation in recovery across all 
concentrations was required to be consistent and <15%.

Matrix effect. The matrix factor (MF) was calculated by 
comparing the peak areas of CsA in blank matrix from six indi‑
vidual donors after sample processing, with the peak areas of 
CsA in the absence of a matrix composed of methanol and water 
(50:50, v/v) for three different concentrations of CsA (15, 350 and 
700 ng/ml). The ISTD‑normalized MF (the MF of CsA divided 
by the MF of CsA‑d4) was required to have a variation of <15%.

Stability. Stability was tested in triplicate using QC samples 
(15, 350 and 700 ng/ml) under different conditions (in whole 
blood: RT for 12 h, three consecutive freeze‑thaw cycles from 
  ‑80˚C to RT, 4˚C for 3 days and ‑80˚C for 60 days; post‑treat‑
ment: 10˚C for 24 h). A fresh calibration curve was used for 
each quantification. CsA was assumed to be stable if the mean 
concentration changes varied within an acceptable range of 
±15% (%bias) from the nominal concentration.

CMIA assay. The CMIA assay was performed in accordance 
with the manufacturer's guidelines for the CsA assay kit and 
was carried out with an automatic ARCHITECT i1000SR 
analyzer (Abbott Park) that was approved by the FDA. For 
automated analysis, 200‑µl aliquots of the samples, calibrator 
and QCs were introduced into the system. For calibration, a 
blank calibrator and five multi‑level whole‑blood calibrators 
containing concentrations of CsA of 40‑1,500 ng/ml, were 
provided by the manufacturer.

Comparative analyses between UPLC‑HRMS and CMIA. In 
total, 127 CsA samples were analyzed by the UPLC‑HRMS 
method and the CMIA. Normal distributions were evaluated 
using the Shapiro‑Francia test. The correlation coefficients and 
regression equations of the measurements for the two methods 
were evaluated by Spearman's test and Passing‑Bablok 

regression (15) using MedCalc version 15 (MedCalc 
Software bvba) and SPSS version 22 (IBM Corp.). The 
level of agreement between the two methods was evaluated 
by Bland‑Altman plots (16). The Wilcoxon test in MedCalc 
was applied to compare the medians obtained from HRMS 
and CMIA. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Validation of the LC‑HRMS assay.
General. Representative chromatograms of the LC‑HRMS 
method for CsA, the ISTD and HCsA, are presented in Fig. 1. 
The analytical run time was 6 min, including the time required 
to equilibrate the column to baseline conditions prior to the 
next injection.

Specificity. The LC‑HRMS assay had excellent specificity. For 
the endogenous compounds in the six individual donors of the 
blank matrix, no evidence of interference was observed.

Linearity and LLOQ. The calibration curve was calculated 
using 8 calibrators with a linear regression model and 
weighting factor (1/x2). Results were linear (r2>0.993) within a 
detection range of 5‑800 ng/ml (r2>0.993). For LLOQ samples, 
the signal‑to‑noise ratio was at least ≥103.9.

Carryover. Peak areas for five different drug‑free blood 
samples, as measured after the highest calibrator sample, were 
consistently below 5.3% of the LLOQ and below 0.4% for the 
ISTD, respectively.

Accuracy and precision. For CsA, the within‑run accuracy 
ranged from 98.6 to 114.9% (mean, 105.4%), the within‑run 
precision ranged from 2.3 to 5.6%, the between‑run accuracy 
ranged from 95.3 to 114.3% (mean, 103.2%) and the between‑run 
precision ranged from 4.7 to 9.2% at all QC levels. The results 
for accuracy and precision are summarized in Table I.

Dilution integrity. For diluted samples, the accuracy ranged 
from 90.4 to 113.1% and the precision ranged from 1.1 to 
4.1% (Table SI). These data indicated that the mean dilution 
did not affect the accuracy and precision of the method.

Recovery. The recovery at three QC levels (15, 350 and 
700 ng/ml) after preparation varied between 86.8 and 92.5%.

Matrix effect. The MFs across all QC levels ranged from 108.3 
to 125.4%, and the variation of the ISTD‑normalized MF 
was <5.5%. These data indicated that when used as the ISTD, 
CsA‑d4 fully compensated for the matrix effect.

Stability. CsA was stable under all of the conditions tested 
at three QC levels with an inaccuracy range of ‑8.2 to 5.8%. 
These results are presented in Table I.

CMIA assay. The CMIA assay was based on a fully automated 
method and was performed in accordance with the manufac‑
turer's instructions. The assay was validated at six levels with 
a range of calibrators at concentrations of 0, 40.0, 150.0, 400.0, 



WANG et al:  COMPARISON OF UPLC‑HRMS AND CMIA FOR DETERMINING CYCLOSPORINE4

800.0 and 1,500.0 ng/ml. To control the quality of the analyses, 
three levels of QC concentrations were tested with acceptable 
results. The results were 70.3 ng/ml (target, 79.7 ng/ml; acceptable 
range, 44.4‑115 ng/ml), 261.9 ng/ml (target, 283 ng/ml; accept‑
able range, 227‑340 ng/ml) and 812 ng/ml (target, 830 ng/ml; 
acceptable range, 556‑1,105 ng/ml).

Comparison between UPLC‑HRMS and CMIA. A total 
of 127 blood samples were acquired from Chinese renal 
transplant patients (72 males and 55 females); median age, 
51 years (range, 24‑76 years). The median number of years 
post‑transplantation was 11 (range, 0.85‑24). None of the data 

were distributed normally (P<0.001, Shapiro‑Francia test). The 
concentration measured by UPLC‑HRMS was 67.06 ng/ml 
(interquartile range, 50.54‑90.41 ng/ml); this was significantly 
lower than that measured by CMIA [85.70 ng/ml (interquartile 
range, 61.98‑115.70 ng/ml)]. According to a paired‑samples 
Wilcoxon test, the mean values of these measurements were 
significantly different (P<0.0001). Passing‑Bablok regres‑
sion analysis revealed a poor linear correlation between 
UPLC‑HRMS and CMIA (Fig. 2). The regression equation for 
the assay according to the two methods was CCMIA = ‑2.54 + 1.34 
CUPLC‑HRMS with r=0.818; the 95% confidence interval for 
the intercept was ‑10.29‑5.52 (including zero) and the slope 

Figure 1. Representative extracted ion chromatograms of cyclosporine. The main metabolites of HCsA and CsA‑d4 (internal standard). (A) Extracted ion chromatog‑
raphy of m/z 1202.8485 in blank human whole blood. (B) Blank human whole blood spiked with cyclosporine. (C) Extracted ion chromatography of m/z 1218.8420 in 
blank human whole blood. (D) Cyclosporine samples from a representative patient in the HCsA/CsA>1 group. (E) Extracted ion chromatography of m/z 1206.8727 
in blank human whole blood. (F) Blank human whole blood spiked with an internal standard. m/z, mass to charge ratio; HCsA, hydroxylated cyclosporine A.

Table I. Summary of accuracy, precision and stability of cyclosporine A in human blood using ultra‑performance liquid chroma‑
tography high‑resolution mass spectrometry.

   Storage timea

 Intraday Interday ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑  ‑80˚C/1 ‑80˚C/2   10˚C/24 h
Compound Accuracy Precision Accuracy Precision RT/ freeze‑thaw freeze‑thaw 4˚C/3  ‑80˚C/60 (extracted 
(concentration) (%) (RSD, %) (%) (RSD, %) 12 h cycle cycles days days samples)

LLOQ (5 ng/ml) 102.7 2.4 114.3 5.4      
QC1 (15 ng/ml) 114.9 5.6 110.4 9.2 3.5 ‑3.8 ‑4.2 ‑6.4 ‑4.0 0.1
QC2 (350 ng/ml) 105.3 3.1 97.8 4.7 ‑5.1 2.9 2.6 ‑8.2 ‑3.3 ‑5.7
QC3 (700 ng/ml) 98.6 2.3 95.3 6.2 ‑2.7 ‑4.9 3.2 ‑7.1 5.8 ‑7.5

aValues are expressed as a deviation (% bias) from the nominal value. RSD, relative standard deviation; RT, room temperature; LLOQ, lower 
limit of quantification; QC, quality control.
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was 1.22‑1.47 (not including 1). As MS is more specific than 
immunoassay, it is recommended as a gold standard for CsA 
analysis (4,17,18); thus, UPLC‑HRMS was used as the reference 
method. Considering UPLC‑HRMS as the reference method, 
these results indicated the presence of proportional bias in the 
CMIA. According to Bland‑Altman plots (Fig. 2), a median 
bias of 25.46% (range, ‑25.25 to 76.17%) was detected. The 
highest discrepancy was observed at moderate concentrations.

The International Association for Therapeutic Drug 
Monitoring and Clinical Toxicology (IATDMCT) has 
advised that a comparison between two methods should 
include samples from a wide variety of pathologic condi‑
tions (4) and certain reports have indicated that the type of 
organ transplanted, time after transplantation and time of 
blood testing (peak or trough levels) may influence the metab‑
olite‑to‑CsA ratio (19‑21). Thus, the patients were separated 

Figure 2. Method comparison using Passing‑Bablok regression (left: A, C, E and G) and relative (%) Bland‑Altman analysis (right: B, D, F and H) of the new 
Ultra‑Performance LC High‑Resolution MS method vs. the CMIA assay. Sample points for each subgroup include (A and B) metabolic ratio, (C and D) age, 
(E and F) gender and (G and H) the length of time after transplantation. The lines of correlation are represented by solid blue lines, and the 95% limits of 
agreement are represented by dashed lines. NA, information not available; HCsA, hydroxylated cyclosporine A; SD, standard deviation; LC‑MS, liquid 
chromatography tandem mass spectrometry; CMIA, chemiluminescent microparticle immunoassay.
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into several groups to explore the effect of the metabolic 
ratio for CsA (HCsA/CsA) (3), age, gender, and the length 
of time post‑transplantation, on the bias between CMIA and 
HRMS. In the present study, the sub‑groups were designed 
according to the median in each group (except gender), in 
order to meet the statistical requirements. As presented in 
Figs. 2A and 3, when the data were divided according to the 
ratio of HCsA to CsA, the highest discrepancy was observed 
at high ratios (HCsA/CsA>1). Table II presents data relating 

to the detection of CsA by UPLC‑HRMS vs. CMIA for 
the blood samples analyzed and provides detailed results 
for the Passing‑Bablok correlation, Spearman correlation 
coefficient, a comparison of the correlation coefficients and 
Bland‑Altman mean bias. The concentrations obtained with 
the two methods differed significantly among all subgroups 
(P<0.0001) and higher median values were obtained with 
CMIA. Although there were no significant differences 
between subgroups, the HCsA/CsA groups had the lowest 

Figure 3. Method comparison using Passing‑Bablok regression (left) and relative (%) Bland‑Altman analysis (right) of the new UPLC‑HRMS method 
vs. the CMIA assay. The liner correlation graphs are represented by solid blue lines and the 95% limits of agreement are represented by dashed lines. 
PT, post‑transplantation; HCsA, hydroxylated cyclosporine A; SD, standard deviation; LC‑MS, liquid chromatography tandem mass spectrometry; 
CMIA, chemiluminescent microparticle immunoassay; UPLC‑HRMS, ultra‑performance LC high‑resolution MS.
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correlation coefficients (P=0.059) (Table II). When data 
were grouped according to the length of time after trans‑
plantation, the narrowest limits of agreement for mean 
bias (from ‑15.32 to 65.69%) were observed for the longest 
post‑transplantation time (>10 years), as determined by 
Bland‑Altman analysis (Fig. 3).

Discussion

In the present study, the successful development of an 
UPLC‑HRMS‑orbitrap‑based method for the determination of 
CsA in blood samples was described. This novel method was 
validated and compared with the commercial CMIA in blood 
samples from 127 patients. To the best of our knowledge, there 
is only one other published application of the orbitrap mass 
spectrometer related to TDM of CsA (5).

Although most published MS methods for immunosuppres‑
sants are relying on ammonium adducts of those drugs (5,6). 
In the present study, the ammonium adduct of CsA had almost 
the same intensity as the protonated adduct. Furthermore, 
when the ammonium adduct was chosen as the monitoring ion, 
the interference peak, i.e. the isotopic peak of [HCsA+H]+, in 
patients' whole blood appeared at a retention time of 3.16 min. 
As the major CsA metabolites are the monohydroxylated 
AM1 and AM9 and the demethylated AM4N (3), the amount 
of hydroxylated and methylated metabolite of CsA in‑source 
fragmentation ions (m/z=1,218.8) is too small to interfere with 
the protonated adduct of HCsA. Thus, the present MS method 
was relying on protonated adduct.

HRMS has numerous advantages over existing methods, 
including high mass accuracy, high resolution and the ability to 
analyze data retrospectively (22). Perhaps the only disadvantage 
of HRMS when compared to the tandem mass spectrometer is 
the low sensitivity of the quantitative performance. To improve 
the sensitivity of this method, sample condensation was chosen 
instead of single organic solvent precipitation. Furthermore, the 
LLOQ was 5 ng/ml; this was lower than that reported by other 
HRMS studies (24.2‑28 ng/ml) (5,6), meaning higher sensitivity. 
The recoveries were 86.8 to 92.5%; these values were similar 
to those published in other studies (75.7 to 112.0%) using the 
one‑step preparation procedure (23‑26). The variation of 
ISTD‑normalized MF was <5.5%; this was lower than the values 
estimated by previous studies (6.3 to 10.3%) (23,24). CsA was 
stable in human whole blood under the tested conditions, which 
were similar to the conditions used in previous studies (23‑26).

The comparison of UPLC‑HRMS with CMIA was 
performed using a large number of samples (n=127), thus 
allowing for meaningful statistical analysis (40 ≤n ≤100), as 
recommended by IATDMCT. In addition, the two methods were 
compared by an unbiased procedure as Passing Bablok regres‑
sion and Bland‑Altman plot according to the recommendations 
of the IATDMCT (4). A significant discrepancy was observed 
between the measurements provided by the two assays. The 
mean concentration measured by CMIA was higher than that 
determined by the novel UPLC‑Orbitrap‑MS based method. 
On average, the overestimation by CMIA was ~25.5%, but in 
certain cases, it was as high as 120%.

A well‑known problem when quantifying the concentra‑
tion of CsA with CMIA is interference from CsA metabolites; 
HCsA (including AM1, AM1c, AM9 and AM99N) may result 

in 6.9% cross‑reactivity relative to the parent drug. AM1, 
AM1c and AM9 possess partial immunosuppressive activity; 
on the other hand, AM1 and AM9 are related to renal trans‑
plantation rejection and exhibit nephrotoxic effects (27,28). 
Although numerous researchers have reported the overesti‑
mation of immunoassays with regards to CsA analysis when 
compared with MS (23‑26,29‑32), the potential influence of 
drug‑to‑metabolite ratios on positive bias has remained to be 
determined. In the present study, semiquantitative determination 
of the metabolites HCsA was performed by comparing the inte‑
gration of the peaks, from HCsA to the area of CsA according to 
the calculation method of a previous study (11), as standards for 
the metabolites were not available. Furthermore, AM1, AM1c, 
AM9 and AM99N were not quantified due to the lack of puri‑
fied metabolites. The data were then divided into two subgroups 
by HCsA/CsA. Although the measurements of UPLC‑HRMS 
and CMIA were weakly correlated in the HCsA/CsA >1 group, 
overestimation was high in both of the HCsA/CsA groups. As 
the cross‑reactivity of the metabolites HCsA alone was not able 
to fully explain the overestimation, between‑patient variables 
were considered in the further analysis.

Therefore, a number of between‑patient variables, including 
age, gender and the length of time after transplantation, 
were analyzed by appropriate statistical methods. The CsA 
concentration in patients with long post‑transplantation times 
(>10 years) determined by CMIA exhibited the lowest deviation 
from the UPLC‑HRMS results among the parameters in the 
different patient groups. Higher age did not significantly influ‑
ence the deviation between the two methods, nor did gender. It 
appeared that the overestimation of the CMIA when compared 
to the UPLC‑HRMS method may be due to the CsA metabolic 
ratio and the length of time post‑transplantation. The higher 
levels determined by CMIA are certainly due to the extensive 
metabolism of CsA and cross‑reactivity of the metabolites that 
cannot be separated from CsA (6,7). However, the influence of 
the factor of time post‑transplantation on the metabolic ratio of 
CsA remains to be determined. In the present cohort, no further 
details were available to better investigate this point. It is essen‑
tial to be able to determine the true value of CsA when managing 
patients as this result may influence clinical decisions, such as 
the adjustment of dosage that may lead to viral infection or 
rejection. Clearly, the use of UPLC‑HRMS procedures for TDM 
of cyclosporine provides a more sensitive means of detection 
in samples from patients receiving low‑dose cyclosporine. This 
method allows for more selective quantification of samples from 
new transplant recipients and significantly reduces any errors in 
dosing that may occur due to metabolite cross‑reactivity when 
combined with varying degrees of overestimation by CMIA.

There are certain deficiencies of the present study: i) Sample 
preparation was time‑consuming; thus, a more convenient 
method, such as a dephospholipid precipitation plate, will be 
used in the next study to improve the procedure; ii) the mass 
range should be assigned as m/z 1,200‑1,241 to check the inten‑
sity of sodium adducts and rule out a decrease in sensitivity; 
iii) the influence of co‑medicated drugs on CsA analysis were 
not evaluated.

Ongoing research is now investigating the potential 
influence of a wide variety of pathological conditions on the 
observed bias between these two methods, including different 
transplant types, ethnic backgrounds and drug interactions.
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In conclusion, in the present study, a novel UPLC‑HRMS 
procedure for the measurement of CsA in human whole blood 
was successfully developed and validated. The positive bias of 
the CMIA for renal transplant patients when compared to the 
novel UPLC‑HRMS application should be further evaluated by 
incorporating more clinical information.
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