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A B S T R A C T

Background: Immunosuppressive medication after organ transplantation is usually dosed through therapeutic
drug monitoring. Trough levels of antirejection medication however, do not adequately predict rejection or
infections. The TTVguideIT trial is a multinational clinical trial evaluating the safety of Torque Teno Virus (TTV)
load assessed by qPCR, as an alternative to trough level tacrolimus dosing.
Methods: Prior to, and during the clinical trial, the inter-and intra-laboratory variability, accuracy, and precision
of the TTV R-GENE® assay was evaluated through analysis of internal quality control (IQC), external quality
assessment (EQA) and linearity panels performed by the thirteen participating clinical virology laboratories, each
using their standard testing platforms.
Results: IQC samples with a target of 4 log10 copies/mL (cp/mL) were tested by the participating laboratories 130
times during the implementation phase and 987 times during the trial phase. They showed excellent accuracy,
with an inter-laboratory standard deviation (SD) of 0.17 log10 cp/mL, and an intra-laboratory SD of 0.03 to 0.20
log10 cp/mL during the implementation phase, and an inter-laboratory SD of 0.19 log10 cp/mL, and an intra-
laboratory SD 0.07 to 0.18 log10 cp/mL during the trial phase. Three EQA panels and three linearity panels
showed similarly small variability during implementation as well as within the trial phase.
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Conclusion: This data shows that TTV load measurement can be standardized for use in a multinational clinical
trial. By using IQC, LP and EQA samples, the quality and integrity of the assay can be compared between lab-
oratories and precise and accurate results can be generated.

1. Introduction

Following renal failure, kidney transplantation is the gold standard
of treatment with almost 3000 kidney transplants performed in 2022
within the Eurotransplant zone [1]. Following transplantation, patients
must take immunosuppressive medication (IS) for life. Currently, IS is
dosed either through a protocol-based regime or through therapeutic
drug monitoring (TDM) schemes [2,3]. IS levels must stay within a
predetermined range of trough levels to reduce the risk of rejection on
the one hand and malignancy or infection on the other hand [4,5]. An
important limitation of dosing via TDM is that trough levels of immu-
nosuppressants are poor predictors of such events and only reflect the
previous 24 hours of drug therapy [6,7].

Recently, Torque Teno virus (TTV) has been proposed to guide IS
dosing. TTV is a small, circular, single-stranded DNA virus classified into
the family Anelloviridae and characterized by a high prevalence. >20
species of TTV have been identified in humans, each of which is cate-
gorized by variable numbers of genotypes [8–10]. TTV does not cause
pathology but can be detected and quantified in the plasma, whole
blood, or serum of immunocompromised and healthy individuals. It has
been suggested that TTV load in the blood is low when patients are
insufficiently immunosuppressed and at risk of rejection [11–17] and
high in over-immunosuppressed patients at risk for infections [12,13,15,
18–20]. A major drawback of previous research is that in-house
PCR-based protocols have been utilized, potentially with differing
sensitivity to individual genotypes, resulting in calls for assay stan-
dardization for use in clinical studies [5,21].

The randomized controlled TTVguideIT trial was designed to inves-
tigate if TTV load can be used to adjust the immunosuppressive drug
tacrolimus in renal transplant recipients (RTR) to reduce graft rejection
and infection. Thirteen clinical centers in six European countries are
participating in TTVguideIT, and are determining the TTV load locally
using the TTV R-GENE® IVDR assay (bioMérieux, Lyon, France). Based
on previous data, the TTV load targeted during the trial was determined
to be between 4.6 and 6.2 log10 cp/mL [22,23]. Tacrolimus dose ad-
justments are made when participants have measurements outside this
range. This implies that the accuracy and reproducibility of the TTV
assay are of vital importance and had to be established in each center

before patients were recruited.
In this study, we report on the implementation and quality assess-

ment of the assay prior to and during the TTVguideIT trial. Inter- and
intra-laboratory variability and the accuracy and precision of the assay
are evaluated.

2. Methods and materials

Fifteen laboratories participated in the inter-laboratory comparison
of the TTV R-GENE® assay, of which thirteen participated in the clinical
TTVguideIT trial with two expert centers, each using their standard DNA
extraction and amplification platforms. Participating laboratories and
platforms used in the TTVguideIT trial are detailed in Table 1. The TTV
R-GENE® assay was used by all participants to detect and quantify TTV
during implementation, and the active phase of the trial. Results are
expressed in log10 cp/mL, with a limit of detection of 2.4 log10 cp/mL
[24]. Validation of individual platforms is outlined in the supplementary
data (supplementary figure 1A - 1D and supplementary figure 2A to 2D).

2.1. Quality assurance materials

A stock solution for use as an Internal Quality Control (IQC) con-
taining only TTV species 22 was diluted using negative donor plasma to
a standardized sample containing 4 log10 cp/mL, as determined by
digital-droplet PCR (QCMD, Glasgow, UK/Spallanzani National Institute
for Infectious Diseases, Rome, Italy). A total of 1400 samples manufac-
tured to ISO-13485 were generated for use in the implementation and
experimental phases of the trial in two batches. According to the test
protocol, the IQC data must conform to the rules laid out in Table 2,
which also details the actions to be taken if the IQC is outside the preset
range.

Linearity was determined by all participating laboratories during the
implementation and trial phases by using a linearity panel (LP) of six
samples with a dynamic range from 4 to 8 log10 cp/mL. It was prepared
by diluting a TTV stock of species 8 plasmids in transport medium
(Spallanzani National Institute for Infectious Diseases, Rome, Italy) and
verified by sequencing and digital droplet PCR.

An external quality assessment (EQA) panel (QCMD, Glasgow, UK)
was designed in line with ISO-17043 proficiency testing requirements
using a combination of patient samples and materials made with plas-
mids to ensure that a variety of TTV concentrations and TTV species
were detected. Samples were blinded to the participating laboratories
and results returned to QCMD via a dedicated online reporting system.

Table 1
Extraction and amplification methods used in each centre.

Extraction and amplification method Centre

EMAG and CFX96 Laboratory 10
Laboratory 9*
Laboratory 11

EMAG and ABI 7500 Laboratory 12
EMAG and LightCycler 480 (System II) Laboratory 3

Laboratory 4
Laboratory 8

EMAG Rotor-Gene Q Laboratory 6
EasyMAG and LightCycler 480 (System II) Laboratory 2

Laboratory 10
EasyMAG and CFX96 Laboratory 9*
MagNA Pure 96 and CFX96 Laboratory 7
MagNA Pure 96 and QuantStudio 5 Laboratory 13
QIAsymphony SP and QuantStudio 5 Laboratory 5

* EMAG from September 2023
EMAG/easyMAG (bioMérieux, France). MagNA Pure 96 (Roche, Germany).

QIAsymphony SP (QIAGEN, Germany). CFX96 (Bio-Rad, USA). Rotor-Gene Q
(QIAGEN, Germany). LightCycler 480 (System II) (Roche, Germany). ABI 7500
(Thermo Fisher Scientific, USA).

Table 2
IQC rejection criteria and action points.

Rule Description Comments

Rule
1

1 point >3 standard deviations from the
mean.

Result Not Conform:
investigate the drift &
retest

Rule
2

2 of 3 consecutive points greater than 2
standard deviations from the mean on the
same side.

Result Not Conform:
investigate the drift &
retest

Rule
3

4 consecutive points greater than 1 standard
deviation from the mean on the same side.

Result Conform:
investigate the drift

Rule
4

7 consecutive points progressing higher or
lower in the same direction.

Result Conform:
investigate the drift

Rule
5

9 consecutive points in a row on the same
side of the mean.

Result Conform:
investigate the drift
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2.2. Quality assurance and assessment during the trial phase

IQC was performed with each run of patient material and submitted
to the IQC monitoring interface on the QCMD website. EQA panel runs
were performed annually in the trial phase along with one linearity
panel. The mean and SD of each EQA sample were determined by
calculating the mean and SD of the values of all participating labora-
tories. Table 3 outlines when each EQA assessment took place.

3. Results

3.1. IQC during implementation

All 130 results obtained during the implementation phase were valid
giving a mean of 3.96 log10 cp/mL with a target of 4 log10 cp/mL, range:
3.44 to 4.28 log10 cp/mL; Fig. 1A. A total of 78% of results were within 1
SD of the target, giving an inter-laboratory SD of 0.17 log10 cp/mL, and
an intra-laboratory SD between 0.03 and 0.20 log10 cp/mL. Laboratories
5, 6, 8, 9, and 13 showed a mean below the target, and laboratories 3,
11, and 12 were above the target. Laboratories 1, 2, 4, 7, and 10 were
within 0.05 log10 cp/mL. Laboratory 13 had the lowest accuracy, with a
mean of 3.61 log10 cp/mL.

3.2. Results of IQC after the start of the trial

During the trial phase of 1014 TTV-detection runs, 27 were rejected
(2.7 %) due to IQC criteria detailed in Table 2 not being fulfilled. Data
with the non-rejected runs are included as supplementary information
(supplementary figure 3A). In four cases, the reported IQC value was>3
SD from the required mean, and in the remaining 23 cases the IQC value
was outside the 2 SD margin from the mean in two out of three
sequential samples. The analysis of the remaining 987 IQC results
showed a mean of 4.0 log10 cp/mL (target 4.0 log10 cp/mL, range: 3.43
to 4.58 log10 cp/mL; Fig. 1B), an inter-laboratory SD of 0.19 log10 cp/mL
and an intra-laboratory SD between 0.07 and 0.18 log10 cp/mL. This
corresponded to an average of 76 results per laboratory, with a range of
31–190. Laboratories 1, 4, 5, 8, 9, and 13 were below the target, labo-
ratories 11 and 12 were above the target, and laboratories 2, 3, 6, 7, and
10 were within 0.05 log10 cp/mL. Laboratory 13 had the lowest accuracy
with a mean of 3.70 log10 cp/mL.

3.3. EQA and linearity panel testing

All 13 laboratories submitted data for all linearity panels and the EQA
testing program during both the implementation and trial phases. EQA
Panel 1 had an SD range from 0.13 to 0.25 log10 cp/mL for the seven
positive dilution samples (Fig. 2A). Linearity panel 1 (LP1) had an SD
range from 0.10 to 0.17 log10 cp/mL for the five positive dilution samples
and an R2 between 0.99 and 1.00 (Fig. 2B). Lower than expected results
were seen in samples five and six of EQA Panel 1 (Fig. 2A) and in samples
three and four of LP1 (Fig. 2B) in tests conducted by laboratory 13, which
uses the MagNA Pure extraction system (Roche Diagnostics, Germany).

EQA Panel 2 had an SD range from 0.14 to 0.23 log10 cp/mL for the
seven positive samples, all sites correctly identified the negative sample

(Fig. 3A). Linearity panel 2 (LP2) had an SD range from 0.14 to 0.21
log10 cp/mL for the five positive dilution samples and an R2 between
0.99 and 1.00 (Fig. 3B).

EQA Panel 3 had an SD range from 0.17 to 0.26 log10 cp/mL for the
seven positive samples, all sites correctly identified the negative sample
(Fig. 3C). Linearity panel 3 (LP3) had an SD range from 0.16 to 0.22
log10 cp/mL for the five positive dilution samples and an R2 between
0.99 and 1.00 (Fig. 3D).

3.4. Platform performance

Of the thirteen participating clinical centers seven used a unique
combination of extraction and amplification platforms (Table 1,
Fig. 4A). However, laboratories 1, 9, and 11, used the EMAG/CFX96
combination, giving a mean of 4.03 (range: 3.66 to 4.39) and an SD of
0.20 log10 cp/mL. Further, 55 % of the results were within 1 SD of the
target value and 100 % within 2 SD. Laboratories 3, 4, and 8 used the
EMAG/Lightcycler 480 combination giving a mean of 3.91 (range: 3.51
to 4.48 log10 cp/mL) and an SD of 0.16 log10 cp/mL. A total of 70 % of
results with this combination were within 1 SD and 97 % were within 2
SD of the target. These results suggest that the EMAG/CFX96 combi-
nation is more accurate than the EMAG/Lightcycler 480 combination as
indicated by a closer-to-target average but less precise as indicated by
the larger SD of measurements.

3.5. New batch IQC

There was no difference between the two IQC batches used during
the implementation and trial phases (Fig. 4B). Batch one was run 637
times with a mean of 4.03 log10 cp/mL and an SD of 0.18 log10 cp/mL.
Batch two was run 350 times, with a mean of 3.95 log10 cp/mL and an
SD of 0.20 log10 cp/mL.

4. Discussion

Within this study, we analyzed the implementation and post-
implementation IQC and EQA assessments of the R-GENE® TTV qPCR
centers in the context of a TTV-load-based interventional trial in kidney
transplant recipients. As part of the trial, dose adjustments of antire-
jection drugs are made when TTV-loads are outside the predetermined
optimal range, necessitating great accuracy of TTV-measurements by all
participating centers, who used their own platforms to run the test.
Despite nine different platform combinations, thirteen clinical centers,
being situated in six different countries it was possible to generate test
results with excellent accuracy, precision and reproducibility. This is
shown by the small inter-laboratory and intra-laboratory SD of 0.19
log10 cp/mL and 0.07 and 0.18 log10 cp/mL respectively. The accuracy
of the test in the entire range of quantitative measurements was verified
in the linearity and EQA panels, results of which had SD ranges between
0.10 and 0.26.

Some minor differences can nevertheless be observed, which may be
attributable to the different platform combinations used by the partici-
pants. As three laboratories used the EMAG/CFX96 combination and
three used the EMAG/Lightcycler 480 combination, we found that the
EMAG/CFX96 combination was marginally but not significantly more
accurate with a mean closer the target than the EMAG/Lightcycler 480
combination, but less precise with a greater SD.

Lower than expected results were seen in samples three and four of
LP1 (Fig. 2B) and samples five and six of EQA Panel 1 (Fig. 2A) in runs
conducted by laboratory 13, which uses the MagNA Pure extraction sys-
tem (Roche Diagnostics, Germany). These non-conform results are theo-
rized to have been caused by the MagNA Pure extraction system, which is
less efficient at extracting DNA from transport medium. This problem was
previously observed at this site using the MagNA Pure on samples diluted
in transport medium for other runs (data not shown). No subsequent is-
sues were observed with this site in either LP or EQA panels.

Table 3
Timeframe of when EQA and linearity panels were issued.

Period Number of laboratories

Validation phase ​ ​
EQA panel 1 Second quarter 2022 13
Linearity panel 1 Second quarter 2022 13

Trial phase ​ ​
EQA panel 2 Second quarter 2023 13
Linearity panel 2 Second quarter 2023 13
EQA panel 3 Second quarter 2024 13
Linearity panel 3 Second quarter 2024 13
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Fig. 1. Boxplots showing Internal Quality Control (IQC) data for (A) the implementation phase with 130 runs, mean of 3.96 log10 cp/mL, target 4 log10 cp/mL, range:
3.44 to 4.28 log10 cp/mL, inter-laboratory standard deviation (SD) of 0.17 log10 cp/mL and (B) the trial phase with 987 IQC results a mean of 4.00, range: 3.43 to
4.58 log10 cp/mL, an inter-laboratory SD of 0.19 log10 cp/mL and an intra-laboratory SD between 0.07 and 0.18 log10 cp/mL.
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Fig. 2. External quality assessment (EQA) and linearity panels from the implementation of the assay. All 13 laboratories correctly submitted data for both for EQA
Panel 1 (A) and linearity panel 1 (LP1) (B). EQA Panel 1 had an a standard deviation (SD) range from 0.13 to 0.25 for the seven positive dilution samples. LP1 had an
SD range from 0.10 to 0.17 log10 cp/mL for the five positive dilution samples, and an R2 between 0.99 and 1.00.
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Fig. 3. All 13 laboratories submitted data for the external quality assessment (EQA) and linearity panels from the trial phase. (A) EQA Panel 2 had an standard
deviation (SD) range from 0.14 to 0.23 log10 cp/mL for the seven positive samples, all sites correctly identified the negative sample. (B) Linearity panel 2 had an SD
range from 0.14 to 0.21 log10 cp/mL for the five positive dilution samples, and an R2 between 0.99 and 1.00. (C) EQA Panel 3 had an SD range from 0.17 to 0.26 log10
cp/mL for the seven positive samples, all sites correctly identified the negative sample. (D) Linearity panel 3 had an SD range from 0.16 to 0.22 log10 cp/mL for the
five positive dilution samples and an R2 between 0.99 and 1.00.
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Repeat IQC testing was used to assess the reproducibility, accuracy
and precision during all phases of the trial. The IQC has the pre-
determined concentration of 4.0 log10 cp/mL, and rules were set as to
how far from this value results can be before the run is rejected and
repeated (Table 2). This study shows that each laboratory generated
results with high reproducibility, and that intra-laboratory variation was

smaller than the inter-laboratory variation. Laboratories measuring
higher loads than the predetermined 4.0 log10 cp/mL, did so consis-
tently, as did laboratories measuring below 4.0 log10 cp/mL. In the
TTVguideIT trial, tacrolimus dosing adjustments are made if the TTV
load is outside the target range of 4.6 log10 to 6.2 log10 cp/mL [22,23].
Therefore, a patient enrolled in a center, e.g., with an IQCmean which is

Fig. 3. (continued).
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Fig. 4. Comparison of extraction and amplification system combinations (A) laboratories 1, 9 and 11, used the EMAG®/CFX96 combination giving a mean 4.03,
range: 3.66 to 4.39, and an standard deviation (SD) of 0.2 log10 cp/mL. Laboratories 3, 4 and 8 used the EMAG®/Lightcycler 480 combination giving a mean 3.91,
range: 3.51 to 4.48, and an SD of 0.16 log10 cp/mL. (B) There was no difference between two IQC batches used during validation and trial phases. Batch one was run
637 times with a mean of 4.03 log10 cp/mL and an SD of 0.18 log10 cp/mL. Batch two was run 350 times, with a mean of 3.95 log10 cp/mL and an SD of 0.20 log10
cp/mL.
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lower than the inter-laboratory mean may be more likely to have dose
adjustments upward, potentially leading to a net increase in tacrolimus
dosing. Given the structural bias exhibited by certain laboratories,
possibly caused by platform variation, we suggest that it would be
beneficial to use the 4.0 log10 cp/mL sample as a calibrator, to apply a
correction based on the IQC variation individually calculated for each
laboratory using the mean ± the SD for each laboratory. Analysis of the
frequency and quantity of tacrolimus dosage adjustments that occurred
in each individual center will give more information regarding the po-
tential impact caused by variation between sites. This approach could be
tested in upcoming trials such as TAOIST [25].

Limitations of this study include that there is a large variation in the
number of IQC runs performed between centers, with some centers
performing four times the IQC testing compared to others. This could be
reflected in the differences in SD variation between the IQC runs in the
implementation and trial phase (Fig. 1A, and B). Also, we cannot be
certain that differences between laboratories are the result of extraction
and amplification platforms. To investigate the impact of each platform,
a much larger number of laboratories will have to be included.

This study shows that it is possible to standardize a TTV qPCR across
multiple centers throughout Europe and obtain accurate and repeatable
data. In the past few years, there have been calls for TTV qPCR stan-
dardization by many authors, to allow for the direct comparison of TTV
loads across different centers [5,21]. Such standardization has been
achieved in this study using a single qPCR test. However, another way of
standardizing laboratory reporting is through EQA testing, and by using
an international standard, such as the IQC material used it this valida-
tion. EQA panels are, at time of writing, available through QCMD. The
TTV R-GENE assay currently includes a run control which is comparable
to the IQC utilized in this study. As TTV gains more attraction as a
biomarker in transplantation and other fields such as rheumatology,
oncology and infectious disease, an international standard, such as those
provided through the World Health Organization for other blood-borne
viruses[26], should be made available with high priority.
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