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A B S T R A C T

Background: For patients who treated with tacrolimus after kidney transplant, therapeutic drug monitoring is
essential to improve their prognosis. However, previous detection methods have limitations, such as the over-
estimation and unacceptable bias in the immunoassays. Precision medicine has been challenged. The liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method is recognized as the gold standard due to its
accuracy and specificity, but lack of throughput and complex process limits its clinical application. Therefore, an
accurate, simple and high throughput method for tacrolimus monitoring is needed for clinical practice.
Methods: A modified LC-MS/MS method was introduced and validated. Whole blood samples were prepared by a
one-step protein precipitation method. Chromatographic separation was achieved using a Phenomenex Kinetex 2.6
μm XB-C18 2.1 � 50 mm column with a total run time of 3.5 min to avoid matrix effect. An electrospray ionization
source (ESI) was used in positive ionmultiple reactionmonitoring (MRM)mode formass spectrometric detection. In
order to protect the mass spectrometer, only part of the sample after LC separation was allowed to enter the mass
spectrum, through a two HPLC systems coupled one mass spectrometry design. In this way, the instrument
throughput is also improved and realizing the detection of 2 samples within 3.5 min and carried out a shorter
analyzing time for each sample of 1.75 min. Additionally, we calculated tacrolimus-intrapatient variant (Tac-IPV)
based on this modified method and assessed the prognostic value of Tac-IPV in Chinese kidney transplant patients.
Results: The LC-MS/MS was modified by streamlining the procedure and increasing the throughput. The method
proved to be accurate and reproducible with all performance parameters suitably meeting the clinical re-
quirements over a calibration ranged from 0.37 to 42.90 ng/mL. Parameters such as linearity, limit of quantifi-
cation (LoQ) and dilution integrity were validated with a clinical reportable range from 0.37 to 343.20 ng/mL,
which was particularly useful for high drug concentrations patients (rare but very serious). Both cross-
contamination and matrix effects were negligible. Clinical data of 83 patients showed that Tac-IPV was associ-
ated with poor kidney transplant outcome in Chinese (Hazard Ratio (HR) ¼ 3.96, 4.75; 95% Cl: 1.10–14.21,
1.23–18.36; P < 0.05).
Conclusions: This modified LC-MS/MS method possessed high throughput and simple sample preparation,
allowing it to meet daily clinical needs. At the same time, Tac-IPV based on this modified LC-MS/MS had excellent
prognostic value in kidney transplantation. These advantages have great significance for the individualized
treatment of Chinese kidney transplant patients and broad application of Tac-IPV.
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Table 1. Inclusion criteria and exclusion criteria for kidney transplant patients.

Inclusion criteria Exclusion criteria

Age>18 Patients were not followed up regularly
and data was lost

Between 6 and 12 months after kidney
transplant, tacrolimus trough concentrations
were monitored by high-performance liquid
chromatography.

Patients have received other organ
transplants

Until May 23,2021, patients who were still
alive and had not met the end point survived
at least two years.

Patients were not treated with Tac and
mycophenolate mofetil (MMF) in the
period between 6 and 12 months after the
kidney transplant

Patients' tacrolimus trough concentrations
were monitored at least 8 times between 6
and 12 months after kidney transplant

Patients met the end point before 12
months after the surgery
1. Introduction

Tacrolimus is the most potent calcineurin inhibitors which is used
almost universally as a part of triple immunosuppressive therapy after
kidney transplantation to improve the patients' quality of life and their
survival. Considerable researches have shown that tacrolimus-
intrapatient variant (Tac-IPV) is associated with the long term outcome
for the kidney transplant recipients [1, 2, 3]. But the clinical indicator is
less well-studied in Chinese patients. Due to the narrow therapeutic
window and large individual variations of tacrolimus, precision medicine
is largely limited [4, 5]. A low concentration results in inefficient
immunosuppression and acute rejection, while a high concentration in-
creases the risk of drug toxicity [6, 7, 8]. Therefore, routine monitoring of
whole blood tacrolimus is a must for transplanted patients.

Currently, the most widespread methods for tacrolimus detection are
immunoassays and LC-MS/MS. Immunoassays lacks of specificity and
accuracy due to monoclonal antibodies cross-reactivity with drug me-
tabolites, resulting in overestimation of the drug concentration with
unacceptable bias [9, 10], thereby impacting the clinical decision mak-
ing. Despite immunoassays having been optimized and improved in
recent years, LC-MS/MS is still recognized as the gold standard. How-
ever, some LC-MS/MS described in the previous study have shortcomings
too [11]. First, multi-step protein precipitation or liquid-liquid extraction
are the most commonly extraction methods [11, 12], which are
cumbersome and complex. Second, simultaneously detect multiple im-
munosuppressants would save reagents and can be considered high
throughput. However, not all patients need to be tested for multiple
immunosuppressants. Simultaneously detect multiple immunosuppres-
sants, regardless of whether clinical needed, may not be the best pathway
for all labs to improve the assay throughput [13, 14, 15]. Third, because
of the time-cost sample pretreatment and long separation time, insuffi-
cient throughput limits the clinical application of LC-MS/MS, especially
for those with single liquid chromatography system and long run time
[16, 17, 18, 19].

In this study, a rapid, simple and high throughput tacrolimus detec-
tion method was developed and validated. Additionally, we applied the
modified LC-MS/MS method to clinical practice and assessed the prog-
nostic value of Tac-IPV in Chinese kidney transplant patients.

2. Subjects and methods

2.1. Tacrolimus assays

2.1.1. Reagents
Tacrolimus standard was purchased from LC Laboratories and cali-

bration 6 PLUS 1Multilevel Calibrator Set Immunosuppressants InWhole
Blood was purchased from CHROMSYSTEMS. The quality control agents
(QCs) LyphocheckWhole Blood Control Immunosuppressant Control was
purchased from Bio-Rad. Ascomycin (ASC) was purchased from Toronto
Research Chemicals Inc, and was used for internal standard (IS). ASC has
been proved to have no effect on the quantitation of tacrolimus [20].
Formic acid and zinc sulfate were from Sigma, and were of reagent grade.
Other solvents and reagents were HPLC grade. Ultrapure water of 18.2
MΩ cm resistivity was obtained from a Milli-Q (Millipore) water purifi-
cation system.

2.1.2. Sample preparation
30 μL of calibrators, quality controls, and well-mixed whole blood

were added into 300 μL of internal standard extracting solution (con-
taining 3.0 ng/mL ASC, 50 mmol/L ZnSO4, and 50% methanol/water)
separately. Each centrifuge tube was vortexed for more than 30s and then
mixed for 5 min (Vortex mixer V3, Essenscien). After 5 min centrifuga-
tion at 14,000 rpm at 4 �C, at least 100 μL of the supernatant was pipetted
into a sample vial for LC-MS/MS analysis.
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2.1.3. LC-MS/MS conditions
LC-MS/MS detection was performed on two LC-20AXR (Shimadzu,

Japan) HPLC system-tandem mass spectrometry AB SCIEX API4000
PLUS. Two HPLC systems were paralleled via a six-port switching valve
mounted on MPX driver. Mass spectrometry was equipped with an
electrospray ionization (ESI) ion source. Quantitative analysis was
completed using MultiQuant 2.1.1 software.

Multiple reaction monitoring (MRM) in positive mode was conducted
by monitoring them/z 821.6> 768.6 (quantifier) andm/z 821.6> 796.5
(qualifier) for tacrolimus, while the ASC internal standard was detected
using the m/z 809.6 > 756.4 (quantifier) and m/z 809.6 > 774.6
(qualifier) transition. The optimized instrumental settings were declus-
tering potential (60 V), entrance potential (6 V), collision energy (27.5
V), collision cell exit potential (20 V), ionspray voltage (5500 V), ioni-
zation source temperature (400 �C). The curtain gas, collision gas,
nebulizer gas, and auxiliary gas were set at 25, 7, 50, and 60 pounds per
square inch (psi), respectively.

A Kinetex XB-C18 column (100 Å, 2.1 � 50 mm, 2.6 μm, Phenom-
enex) was used for chromatographic separation by using 2 mmol/L
ammonium acetate and 0.1% formic acid in water (solvent A) and
methanol (solvent B) as the mobile phase under gradient elution as fol-
lows: initial, 60% B; 0.00–1.50 min, 60%–100% B; 1.50–2.50 min, 100%
B; 2.50–2.51 min, 100%–60% B; 2.51–3.50 min, 60% B. The flow rate
was 0.5 mL/min with an injection volume of 30 μL. The column tem-
perature was set to 60 �C. Through the paralleled HPLC systems only
during the interval 1.5 min, from 0.8 min to 2.3 min, the LC was set to the
mass spectrometer, and another sample could be detected during the
remaining time. By this way, within 3.5 min 2 samples were detected and
carried out a shorter analyzing time for each sample of 1.75 min, which
improved the instrument throughput finally.

2.2. Intrapatient variability in clinical practice

2.2.1. Patients and settings
Our study cohort involved 208 kidney transplant patients who were

followedatTraditionalChineseMedicineHospital ofGuangdongProvince
between January 2017 and December 2019. The date of surgery, age,
gender, treatment plan, and laboratory testswere recorded. Adult patients
who treated with tacrolimus and mycophenolate mofetil (MMF) in the
period between 6 and 12 months after kidney transplantation were
included. The inclusion and exclusion criteria used for patient selection
were shown in Table 1. All included patients had an estimated glomerular
filtration rate (eGFR) of �25 mL/min at month 6 after transplantation.

2.2.2. End points
We set an endpoint that consisted of graft failure defined as the restart

of dialysis, patient death because of renal graft, an eGFR �15 mL/min,
histopathological examination confirming acute rejection, or at least



Table 2. Validation results.

Parameters Validation results

Intra-assay precision (n ¼ 12) 3.83 � 0.07 ng/mL 1.94%

7.42 � 0.17 ng/mL 2.28%

23.79 � 0.43 ng/mL 1.82%

Inter-assay precision (n ¼ 20) 4.25 � 0.14 ng/mL 3.32%

8.29 � 0.33 ng/mL 3.99%

15.41 � 0.51 ng/mL 3.34%

Inter-assay precision of blood sample at 0.39
ng/mL (n ¼ 10)

0.39 � 0.021 ng/mL 5.54%

Linearity (n ¼ 6) 0.37–42.90 ng/mL

y ¼ 0.03312x þ
6.245e�5

r ¼ 0.99707 (R2 ¼
0.9941)

Dilution (n ¼ 5)

high conc. sample 43.81 � 1.80 ng/mL

2 times: 21.74 � 0.22 ng/mL 99.24 �
0.99%

4 times: 11.38 � 0.36 ng/mL 103.90 �
3.25%

8 times: 5.39 � 0.07 ng/mL 98.46 �
1.25%

Carryover (n ¼ 3) ��5.8%

Accuracy (n ¼ 3)

Patient sample (Low) 0.53 ng/mL 94.00 �
4.33%

1.05 ng/mL 107.47 �
5.24%

Patient sample (Medium) 5.28 ng/mL 90.40 �
4.69%

10.51 ng/mL 112.77 �
1.59%

Patient sample (High) 10.51 ng/mL 104.57 �
3.33%

20.82 ng/mL 101.20 �
2.00%
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three times double the serum creatinine concentration than the reference
and lasted a month after the first 6 months.

2.2.3. IPV and outcome variables
IPV is defined as fluctuations in Tac blood concentrations in an in-

dividual patient over a certain time period in which the Tac dose was not
changed [21]. The coefficient of variation (CV) is commonly used to
quantify IPV. In statistics, the CV assesses the degree of variation repre-
sented by the ratio of the standard deviation (SD) (σ) to the mean value
(μ):

CV%¼ðσ = μÞ � 100

In any given dataset, the percentage of CV (CV%) can be estimated:

CV%¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

ðXi� XÞ2
.
ðn� 1Þ

o.
X

r
� 100

Where X is the average of all Tac dose-corrected C0 concentrations
measured in time period, i, Xi is an individual C0 dose-corrected con-
centration, n and is the total number of available C0 in time period i. It is
available for calculation when at least 3 predose Tac concentrations (C0)
for an individual. A median of 6 (range: 3–15) Tac measurements were
used to calculate Tac IPV. Only data on Tac exposure measured at
outpatient clinic visits in the period of 6–12 months post-transplantation
were collected, as RTRs (renal transplant recipients) are not on a stable
Tac dose in the period of 0–6 months after transplantation and they often
use interacting drugs (such as antibiotics and glucocorticoids) in this
period. Tac concentration measurements obtained during hospitalization
were not considered. As not all patients received a constant drug between
months 6–12, the obtained were corrected for the corresponding daily
Tac dose (C0/D, D is Tac dose) [22].

2.3. Statistical analysis

Data were analyzed for statistical significance by SPSS version 23
(IBM). Continuous variables are expressed as the mean� SD with normal
distribution and median without normal distribution. The t-test, chi-
squared test, binary logistic analyses, and Kaplan–Meier (KM) analyses
were applied to study the association between Tac-IPV, other clinical
variables, and the composite endpoint. All tests were two-sided, and a P-
value < 0.05 was considered statistically significant.

3. Results

3.1. Method validation

Method validation results were shown in Table 2. Intra-assay preci-
sion was assessed by analysis of whole blood samples at three concen-
trations (low, medium and high) in one batch. 12 samples of each
concentration are processed in parallel, and each sample is tested once.
Inter-assay precision was assessed by analysis of two sets of QCs on ten
different days. To assess the deviation at lower limit of quantification
(LLOQ), blood sample at 0.39 ng/mL was tested twice per day for five
different days (n ¼ 10). Precision results were all within 4% except at
LLOQ, where deviated by no more than 5.54%, which met the goal of
�10% for all concentrations.

Linearity was assessed by the eight point calibrations at concentra-
tions of 0.37, 1.51, 2.25, 6.05, 12.10, 17.70, 24.30 and 42.90 ng/mL. To
fit the peak area ratio (Tac peak area to ASC peak area) vs analyte con-
centrations for linearity, a weighted least-squares method was used with
a weighting factor of 1/x. Linearity of six calibrations showed good
correlation in range of 0.37–42.90 ng/mL (weighting 1/x) with a cor-
relation coefficients (r) > 0.99 and the lower limit of quantification
(LLOQ) was set to be 0.37 ng/mL.
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The dilution performance was assessed by diluting a high concen-
tration sample with homogeneous drug-free whole blood (EDTA anti-
coagulant) for 2, 4, 8 times. Dilution recoveries were within the
acceptance limits (85%–115%) and the deviation of five duplicates were
less than 4.11%. Hence, sample could be quantitated by dilution when
the concentration of the analyte exceeded the upper limit of quantifica-
tion (ULoQ, 42.90 ng/mL), which mean that this method could obtain
quantitative results of concentration in 0.37–343.20 ng/mL.

Carryovers were determined by repeated (n ¼ 3) injections sample at
low level (LLOQ, C1), followed by high level (ULOQ, C2) and low level
(LLOQ, C3). Two liquid phase systems were evaluated separately and the
difference between (the mean of C3) and (the mean of C1) should be no
more than 20%. The carryovers were all within 5.8%, which indicated
cross-contamination between samples could be neglected. For the blank
matrix and blank patient sample, no peak was detectable in the corre-
sponding position.

Accuracy was evaluated by recovery experiments. Patient samples at
three levels (low, medium and high) were spiked with standard solutions
(low and high concentration) to calculate the amount spiked. The re-
coveries of the spiked samples ranged from 86.1% to 114.6% (acceptance
recovery: 85%–115%). Six EQA samples (LGC Institution, UK) given by
the Prince of Wales Hospital in Hong Kong under the ISD program
(CICTAC-Tacrolimus) were detected [23]. The bias and Z scores were
within �14.3% and �1.61, respectively, which met the acceptable range



Table 3. Characteristics of renal transplant recipients in the group patients
without and with events.

Index Number of patients
(n ¼ 83)

Summary measure

Gender recipient

Male/Female 55/28 66.26%/33.74%a

Age of recipient (years) 83 41 (18–65)b

Diabetic nephropathy 9 10.84%

Polycystic kidney disease 5 6.02%

Glomerulonephritis 10 12.04%

Hypertensive nephropathy 12 14.46%

IgA nephrotic syndrome 13 15.66%

Henoch-Schonlein purpura nephritis 1 1.20%

interstitial nephritis 1 1.20%

Unknown 32 38.58%

1st 81 97.59%

2nd 2 2.41%

Delayed graft function Yes/no 7/76 8.43%/91.57%

Acute rejection in the first posttransplant
year Yes/no

10/73 12.05%/87.95%

HLA antibody

Positive/Negative 20/63 24.10%/75.90%

HBsAg

Positive/Negative 12/71 14.45%/85.55%

Serum creatinine (mol/L) between 6 and
12 months

83 118 (63.5–399.6)

eGFR (mL/min/1.73 m2) between 6 and
12 months

83 61.24
(19.14–112.48)

Tac C0 (ng/mL) between 6 and 12
monthsc

83 6.48 (2.32–10.42)

a The summary measure for binary or categorical variables is the proportion.
b The summary measure for non-normally distributed variables is the median

(range).
c Mean of the average Tac concentrations measured in the period between 6

and 12 months after the transplantations.
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for the LC-MS/MSmethod provided by the organization institutions (bias
of �25% and Z scores of �3).

Matrix effects occurred in the assay were validated by three replicates
of standard solutions (QCs at low and high level; Calibrations at low,
medium and high level; n ¼ 5), patient samples (n ¼ 6) and mixed
samples (standard solutions mixed with six patient samples separately, n
¼ 30). The deviation between the response of the mixed samples and the
response average of the patient samples and standards was -4.2–18.7%
(Figure 1), indicating no relative matrix effects (<�20%).

3.2. Tac-IPV based on the modified LC-MS/MS

3.2.1. Patient characteristics and groups
Between January 2017 and January 2019, a total of 208 adult pa-

tients received transplants and were started on Tac/MMF-based immu-
nosuppression. Of these, 83 patients met the criteria and were enrolled in
this study. Patient characteristics are presented in Table 3. The median
follow-up was 785 days with a range of 371–2193 days after the trans-
plant. A total of 14 events (16.9%) were documented at risk: 2 cases of
graft loss, 4 cases of late biopsy acute rejection (BPAR), 2 cases of
transplant glomerulopathy, and 6 cases of doubled serum creatinine.

The median Tac-IPV was 23.71% (range: 5.50%–63.90%; Figure 2).
Dividing the patients into two groups based on their variability, using the
median as cutoff, resulted in 41 patients in the low-variability group with
a mean variability of 16.20% (median¼ 15.65%, range: 5.50%–23.71%),
and 42 patients with high variability with a mean IPV of 33.41% (median
¼ 31.27%, range: 23.71%–63.90%).

3.2.2. The risk factors associated with kidney transplant outcome
To visualize the association between the composite endpoint and Tac-

IPV, other clinical variables (t-test and chi-squared test) were performed
to filter out statistically significant features (Table 4). As shown in
Table 4, acute rejection in the first post-transplant year (P ¼ 0.001),
serum creatinine (mol/L) between 6 and 12months (P¼ 0.003), and Tac-
IPV (P ¼ 0.038) were statistically significant. Then, univariable Cox
proportional hazards analyses were done (Table 5), which showed that
Tac-IPV, acute rejection in the first post-transplant year, serum creatinine
between 6 and 12 months, and eGFR between 6 and 12 months were
independent risk factors for renal graft dysfunction (HR ¼ 3.96, 15.68,
1.02, 0.96; 95% Cl: 1.10–14.21, 5.36–45.86, 1.01–1.03, 0.93–0.99; P <

0.05; Table 5). Univariable Cox proportional hazards analyses were done
(Table 6), and it was confirmed that Tac-IPV and acute rejection in the
Figure 1. The deviation between the response of the mixed samples and the
response average of the patient samples and standards was �4.2–18.7%.
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first post-transplant year were associated with poor kidney transplant
outcome (HR ¼ 4.75, 22.75; 95% CI: 1.23–18.36, 5.73–90.34; P < 0.05;
Table 6).

3.2.3. Tac-IPV and survival rate
Kaplan–Meier curves were constructed for patients with low and high

Tac-IPV (Figure 3), age �41 and age <41 (Figure 4), gender (Figure 5),
and acute rejection in the first post-transplant year (Yes/No; Figure 6).
There is no statistically significant founded between survival rate of
transplanted kidneys in low (<41) and high (�41) age, and in male and
female patients (x2 ¼ 0.375, 0.891; P > 0.05). The survival rate of
transplanted kidneys in low Tac-IPV patients was higher than high Tac-
IPV patients. The survival rate of patients who did not develop acute
rejection in the first post-transplant year was higher than those who
developed acute rejection. The difference was statistically significant (x2

¼ 5.22, 44.21; P < 0.05).

4. Discussion

Nowadays, increased efforts have beenmade to improve and optimize
the sample preparation and throughput of the LC-MS/MS method. Hir-
oyuki Ono et al [16] developed a high-sensitive and high-throughput
ultra-performance liquid chromatography with tandem mass spectrom-
etry method (UPLC–MS/MS) for simultaneous quantification of tacroli-
mus and its metabolites. Sample preparation involved protein
precipitation followed by solid phase extraction (SPE). A high-throughput
LC-MS/MSmethodwith one-step protein precipitationwas introduced by
Zi-Shan Gong et al [14]. ZnSO4 followed by acetonitrile were used to



Figure 2. Distribution of Tac-IPV in the studied cohort (n ¼ 83). The mean Tac-
IPV was 24.90% (�11.38); the median Tac-IPV was 23.71% (range: 5.50-
%–63.90%).

Table 5. Univariable Cox proportional hazards analyses for the influence of
clinical variables on the outcome of graft failure censored for death.

Index Hazard ratio (95% CI) P-value

Age 1.39 (0.42–4.00) 0.543

Gender (male) 1.83 (0.51–6.56) 0.354

HbsAg (negative) 0.40 (0.05–3.04) 0.373

Delayed Graft Function (no) 0.82 (0.11–6.26) 0.848

HLA antibody (positive) 1.31 (0.41–4.19) 0.646

Acute rejection in the first post-transplant year (yes) 15.68 (5.36–45.86) <0.001

Serum creatinine (mol/L) between 6 and 12 months 1.02 (1.01–1.03) <0.001

eGFR (mL/min/1.73 m2) between 6 and 12 months 0.96 (0.93–0.99) 0.023

Tac-IPV (high) 3.96 (1.10–14.21) 0.035

Tac C0 (ng/mL) between 6 and 12 months 0.93 (0.66–1.31) 0.661
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precipitate the proteins for sample preparation. The method used protein
precipitation only, but had three steps for sample preparation. In this
study, sample preparation was modified in one step which 50% meth-
anol/water and 50mmol/L ZnSO4were used to promote both erythrocyte
lysis and protein precipitation. A rapid, simple and economicalmethod for
sample preparationwas developed. Another outstanding advantage of our
method is its high throughput. Many studies improve the throughput by
shortening the LC run time while retaining the resolution using
smaller-diameter separation media [11, 14]. Hiroyuki Ono et al. [16] and
Soma Bahmany et al. [17] used a UPLC BEHC18 column (1.7 μm, 50� 2.1
mm) for chromatographic separation and the total run time was 3 min
[10]. A rapid and accurate LC-MS/MS method for quantifying tacrolimus
Table 4. Comparison of clinical variables between renal insufficiency group and
stable renal allograft group.

Index Renal insufficiency
group (n ¼ 14)

Stable renal
allograft group
(n ¼ 69)

χ2/t/
U

P

Age 42.50 � 11.87 40.97 � 10.56 �0.73 0.468

Gender (male/female) 11/3 44/25 1.14 0.364

HBsAg (positive/
negative)

1/13 11/58 0.73 0.681

Delayed Graft Function 1/13 6/63 0.036 0.982

HLA antibody (positive/
negative)

4/10 16/53 0.18 0.735

Acute rejection in the
first post-transplant year
(Yes/No)

7/7 3/66 22.89 0.001

Serum creatinine (mol/
L) between 6 and 12
months

168.98 � 91.57 125.05 � 34.44 3.12 0.003

eGFR (mL/min/1.73
m2) between 6 and 12
months

50.86 � 25.86 61.56 � 16.92 �1.96 0.054

Tac-IPV (�23.71%/
>23.71%)

3/11 38/31 5.27 0.038

Tac C0 (ng/mL) between
6 and 12 months

6.37 � 1.23 6.50 � 1.57 �0.28 0.781
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in capillary blood collected by volumetric absorptive microsampling was
developed by Camille Tron et al [18]. A C18 Hypersil Gold column (30 �
2.1 mm, 3 μm) fitted with a guard column (10� 2.1 mm, 3 μm) was used
and the total run time was 2.5 min. The linearity of the assay was 2.25
ng/mL to 42.9 ng/mL. In this study, separation was achieved using a
Phenomenex Kinetex 2.6 μm XB-C18 2.1 � 50 mm column. The mass
spectrometer was coupled with paralleled HPLC systems, through which,
not only a shorter analyzing time for each sample of 1.75 min was ach-
ieved, rejection of impurities that do not need to be tested could also avoid
contamination of the mass spectrum. Although the total run time of each
HPLC systemwas 3.5min, it carried out a shorter analyzing time 1.75min
for each sample, which was more rapid than previous LC-MS/MS method
[16, 17, 18, 19]. It is indicated that the two simultaneously operating LC
systems may be a feasible route to improve the throughput. The method
we construct may be further contributable for the labs, which have two
HPLC systems. Since the development of the method so far, we have also
found that the blood concentration of tacrolimus is particularly high in
some patients, some ofwhich can reachmore than 50 ng/mLor evenmore
than 100 ng/mL. We do not know whether this is due to the peak con-
centration samples submitted, but awider quantitative rangewill bemore
conducive to clinical practice. In this method, it could obtain quantitative
results of concentration in 0.37–343.20 ng/mL through dilution, with a
linearity range of 0.37–42.9 ng/mL. Altogether, a simple, superior and
high throughputmethod is developed for tacrolimus detection,whichwill
contribute to the clinical decision making and precision medicine.

At the same time, clinical data were applied for assessing the value
of Tac-IPV. It was found to have reliable prognostic value in organ
transplants in recent years. But much less research has investigated
whether Tac-IPV is valuable for Chinese. Our study shows that patients
with a high Tac-IPV between 6 and 12 months after surgery had a 4.7
times higher risk of reaching the composite endpoint. The study of
Borra demonstrated that patients with a high IPV (>16.2%) had a 1.4
times higher risk. Shuker later confirmed the findings through a larger
cohort of 808 kidney recipients [22, 24]. One of the differences be-
tween our study and the two studies is the detection method. Borra and
Shuker used several kinds of immunoassays. Therefore, our method
might perform better in predicting long-term outcomes for kidney
transplanted patients.

There are several inadequacies in this study. Some studies have
demonstrated that, there are multiple factors cause Tac-IPV, such as the
Table 6. Results of the multivariable Cox regression analysis. Impact of tacroli-
mus intrapatient variability on the composite end point censored for death.

Index Hazard ratio (95% CI) P-value

Acute rejection in the first post-transplant year (yes) 22.75 (5.73–90.34) <0.001

Serum creatinine (mol/L) between 6 and 12 months 1.01 (0.99–1.02) 0.526

eGFR (mL/min/1.73 m2) between 6 and 12 months 0.97 (0.92–1.03) 0.347

Tac-IPV (high) 4.75 (1.23–18.36) 0.024



Figure 3. Kaplan-Meier survival curves for patients with low (�23.71%) and high (>23.71%) Tac-IPV. These groups were compared using the long-rank test (x2 ¼
5.22; P ¼ 0.022).

Figure 4. Kaplan-Meier survival curves for patients with low (<41) and high (�41) age. These groups were compared using the long-rank test (x2 ¼ 0.38; P ¼ 0.54).
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timing of Tac dosing in relation to food ingestion, food, and drug-drug
interactions [25, 26, 27, 28] In our study, Chinese herbal formulas may
also cause Tac-IPV. We will explore this in further study [29, 30]. For the
same batch of samples, cross-validation was not done between our
method and immunoassays. The number of patients in our study was
6

small, and we did not promote Tac-IPV with our method for other organ
transplants. In further studies, we will increase our sample size, compare
the Tac-IPV prognostic value between our method and other LC/MS-MS
methods, and assess the Tac-IPV prognostic value in other organ trans-
plants based on our method.



Figure 5. Kaplan-Meier survival curves for male and female patients. These groups were compared using the long-rank test (x2 ¼ 0.89; P ¼ 0.345).

Figure 6. Kaplan-Meier survival curves for patients with developing acute rejection and not developing acute rejection in the first post-transplant year. These groups
were compared using the long-rank test (x2 ¼ 44.21; P < 0.001).
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