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Abstract

Purpose To investigate the validity, accuracy, and clinical outcomes of Karyomapping in preimplantation genetic testing (PGT)
for (3-thalassemia combined with human leukocyte antigen (HLA) matching.

Methods A total of 128 cycles from January 2014 to December 2017 were identified, and 1205 embryos were biopsied. The case
group included 88 cycles using Karyomapping for PGT-HLA, compared with 40 cycles using polymerase chain reaction-short
tandem repeat (PCR-STR) as the control group.

Results There were significant differences in the HLA matching rate (21.34 vs. 14.37%), the matched transferable embryo rate
(9.79 vs. 14.07%), the clinical pregnancy rate (65.08 vs. 41.86%), and the spontaneous miscarriage rate (2.44 vs. 22.22%)
between the case and control groups. In the case group, nearly 1/3 (33.37%) of the embryos showed anecuploidy. According to
the results of single nucleotide polymorphism (SNP) haplotype analysis, the recombination rates of HBB (hemoglobin subunit
beta) and HLA were 11.46% and 5.61% respectively. HLA gene recombination was mostly distributed between HLA-A and
HLA-B and the downstream region of HLA-DQBI1. In addition, STR analysis could be considered in the case of copy-neutral
loss of heterozygosity (LOH) in the region where the HLA gene is located.

Conclusion Karyomapping contributes to accurate selection of matched embryos, along with aneuploidy screening. However,
STRs assist identification in cases of LOH in the target region.

Keywords HLA matching - Karyomapping - Preimplantation

Introduction

[3-Thalassemia is an autosomal recessive inherited hemolytic
disease. In south China, the prevalence of 3-thalassemia car-
riers ranges from 1.96 to 6.43% [1-4]. 3-Thalassemia major
requires long-term blood transfusion and iron removal [5].
Currently, hematopoietic stem cell transplantation is consid-
ered to be the most effective therapeutic approach for f3-
thalassemia [6]. HLA-matched siblings are the best donors
for hematopoietic stem cell transplantation [7].
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Preimplantation genetic testing for monogenic diseases
(PGT-M) combined with human leukocyte antigen (HLA)
matching is a technology used to select embryos by target gene
detection and HLA matching, eventually transferring matched
and unaffected embryos. In addition to obtaining healthy off-
spring, the technique can provide sibling donors for hematopoi-
etic stem cell transplantation to rescue the probands. Therefore,
this technique is particularly helpful for families with probands
suffering from 3-thalassemia major who are in urgent need of
stem cell transplantation. At present, over 600 PGT-HLA cycles
have been reported, resulting in over 100 births [8].

Conventional PGT for (3-thalassemia combined with HLA
typing is to detect HBB (hemoglobin subunit beta) gene muta-
tions directly, and perform short tandem repeat (STR) analysis at
the same time [9-11]. As second-generation linkage markers,
STRs are limited in number and are unevenly distributed
throughout the human genome, such that the available informa-
tive STRs are quite limited in the target region, as well as in its
adjacent upstream and downstream regions, and can result in
unavailable linkage markers. In addition, the distance between
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markers will lead to the inaccurate location of gene recombina-
tion, resulting in reduced feasibility and accuracy of haplotype
analysis. With the development of high-throughput genome-
wide technology, a technique termed Karyomapping has
emerged, which is a genome-wide haplotype analysis of the par-
ents based on single nucleotide polymorphisms (SNPs). The
SNP array contains 300,000 SNPs covering the whole genome.
Considering the coverage of the whole genome, theoretically, all
known genes or chromosome segments, and even the entire
chromosome states, can be obtained. By comparing the SNP
markers present on the parental chromosomes at the position of
the single gene defect in the child with those present in the
embryo biopsy, the presence or absence of the affected gene(s)
can be diagnosed indirectly using linkage analysis [12]. The
emergence of Karyomapping has provided a general linkage
analysis-based approach for PGT, which can detect any mono-
genic disease, together with HLA typing [13, 14]. Therefore, a
single test could not only obtain data for the whole family (in-
cluding embryos) concering the target gene but also can deter-
mine the recombination of each chromosome, as well as the
aneuploidy status of the chromosomes [13]. This could potential-
ly improve embryo selection, enhancing the likelihood that a
transferred embryo will form a viable pregnancy by avoiding
the transfer of those harboring lethal aneuploidies. However, this
remains to be proven conclusively [15]. Karyomapping is not
specifically designed or recommended by the supplier for com-
prehensive chromosome screening (CCS). The first clinical ap-
plication of Karyomapping was reported by Natesan et al. A total
of 218 embryo samples from 44 cycles were detected by this
technique blindly, with a concordance rate of 97.7% compared
with that detected by polymerase chain reaction-short tandem
repeat (PCR-STR). The inconsistent result was speculated to be
caused by factors such as insufficient STRs in the original results
or the uncertainty of the original judgment caused by semi-
informative STRs [16]. Subsequently, a number of papers have
summarized and reported the clinical application of this tech-
nique in PGT-M [12, 15, 17-19]. However, the application of
Karyomapping in HLA matching has rarely been reported. In the
present study, we retrospectively analyzed the diagnostic data
and clinical outcomes of PGT for [(3-thalassemia and HLA
matching using PCR-STR and Karyomapping.

The study aimed to evaluate the advantages of
Karyomapping compared with conventional PCR-STR and
to analyze the possible problems associated with the clinical
application of Karyomapping.

Materials and Methods
Patient population

Our PGT laboratory has established single-cell PCR with re-
verse dot blotting (RDB) to diagnose {3-thalassemia and HLA
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matching since 2009. In the last 4 years, we have adopted the
Karyomapping technique. In the present study, we recruited
128 PGT cycles of 102 couples for 3-thalassemia combined
with HLA matching from 2014 to 2017, when both techniques
were applied in our laboratory. Among the 128 cycles,
Karyomapping was used in 88 cycles (case group), and the
PCR-STR method was adopted in 40 cycles (control group).
A total of 1205 embryos were biopsied. Of the 102 couples, 83
had only one biopsy cycle, 13 had two, and the remaining six
couples had three or more. In addition, five couples were sub-
jected to both techniques in different cycles. Clinical pregnancy
was confirmed by a gestational sac with a fetal heartbeat ap-
proximately 5 weeks after frozen embryo transfer. Spontaneous
miscarriage was defined as pregnancy loss in the first trimester.

All couples were given genetic counseling before treatment
and were informed of the treatment protocol and procedure,
the misdiagnosis rate of PGT, and the possible failure to obtain
HLA-matched embryos. All patients were informed about rel-
evant risks and provided written informed consent.

This was a retrospective analysis, and no private informa-
tion was involved; therefore, the Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University exempted the
study from ethical approval.

In-vitro fertilization (IVF)-embryo transfer cycle,
blastocyst biopsy, and whole genome amplification

The conventional luteal-phase long protocol was used for con-
trolled ovarian stimulation with intracytoplasmic sperm injec-
tion (ICSI) for insemination; fertilization was observed at 16—
18 h after insemination. Embryos that were fertilized normally
and developed to six cells or more were submitted for blasto-
cyst culture on day 3. Six to eight trophectoderm cells were
biopsied in the blastocyst stage. All blastocysts were vitrified
after biopsy, while the cells for biopsy were placed in 3.5 pul of
phosphate-buffered saline (PBS). A REPLI-g Single Cell Kit
(QIAGEN, Hilden, Germany) was used for whole-genome
amplification (WGA).

Direct detection of HBB gene mutation and haplotype
analysis of HBB and HLA gene

Direct detection of HBB gene mutation was performed using
PCR with RDB. According to previous reports [20, 21], STRs
in HLA genes and their flanking regions were detected by
multiplex fluorescent PCR to establish the haplotype for
HLA genotyping. In addition, linkage analysis of the HBB
gene and its 1-Mbp flanking regions were performed to reduce
the risk of misdiagnosis caused by Allele-drop out (ADO).
According to the 2011 European Society of Human
Reproduction and Embryology (ESHRE) PGD consortium
[8], each family had at least one heterozygous STR in the
adjacent upstream and downstream regions of HLA-A, HLA-
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B, HLA-DRA, and HLA-DQB1, respectively. Table 1 describes
the specific HBB and HLA gene-related STRs.

Karyomapping analysis and comprehensive
chromosome screening

The peripheral blood DNA of parents and reference samples
(children with (3-thalassemia major), together with the embryo
samples from the WGA, were analyzed using
HumanKaryomap-12 BeadChips (Illumina, San Diego, CA,
USA) according to the manufacturer’s protocol. The scanning
results were analyzed using BlueFuse Multi V4.3 software
provided by Illumina. HLA typing was performed in the
HLA-A, HLA-B, HLA-DRA, and HLA-DQB] regions as well
as 2 Mb upstream and downstream of each gene. At the same
time, the B allele and Log R Ratio data were obtained from the
scanning results produced by Illumina Genome studio 2.0
software for aneuploidy screening.

Statistical analysis

SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was
used for statistical analysis in this study. The mean of two

groups was compared using a ¢ test. The Mann-Whitney U
test was applied for data with a non-normal distribution. The
comparison of ratios used the x? test. P < 0.05 indicated that
the difference was statistically significant.

Results

There were no differences with regard to the average maternal
age (31.59 + 3.60 vs. 31.88 +4.61) and the mean number of
biopsied blastocysts (9.67 + 3.94 vs. 8.85 = 3.66) between the
case and control groups. The clinical pregnancy rate per trans-
fer cycle was 65.08% in the case group, which was signifi-
cantly higher than the 41.86% in the control group (P =
0.018). In addition, the spontaneous miscarriage rate was
2.44% in the case group, which was significantly lower than
the 22.22% in the control group (P = 0.045). In addition, the
fetuses of two couples in the control group were selectively
terminated because of the detection of Down syndrome.
Detailed information is shown in Table 2.

There was no discrepancy in the diagnosis of {3-
thalassemia between direct mutation detection and STR anal-
ysis in the control group. Furthermore, no statistical difference

Table 1 Overview of STR markers in the HBB gene and HLA complex
STR locus Heterozygosity Approximate location Distance from the target gene
(Mbp)
Starting bp Ending bp
Tel D11S988 0.88 4,518,621 4,518,740 0.7
D11S4181 0.86 4,746,612 4,746,974 0.4
D11S2362 0.81 4,790,917 4,991,191 0.2
HBB 5,225,466 5,227,071
D1154891 0.73 5,229,694 5,229,798 <0.1
D11S1760 0.88 5,263,107 5,463,378 <0.1
Cen D11S1338 0.74 5,966,682 5,967,038 0.7
Tel D6S276 0.79 24,185,574 24,185,941
D6S105 0.81 27,803,496 27,803,624
D6S248 0.82 28,728,418 28,728,688
HLA-A 29,909,037 29,913,661
HLAC-CA 0.72 88.4 kb telomeric of HLA-C[10]
D6S265 0.76 115 kb centromeric of HLA-A[10]
HLA-C 31,236,526 31,239,907
HLABC-CA 0.78 39.4 kb centromeric of HLA-C[10]
HLA-B 31,321,649 31,324,965
MIB 0.82 24.9 kb centromeric of HLA-B[10]
82-1 0.81 Between BATS and LTB[10]
D6S273 0.78 96 kb telomeric of HSP70[10]
HLA-DRA 32,407,619 32,412,823
HLA-DQB1 32,627,244 32,636,160
D6S291 0.72 36,297,737 36,297,945
Cen D6S426 0.85 40,674,444 40,674,713
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Table 2 Overall clinical results of (3-thalassemia combined with HLA matching

Result Control group (PCR-STR) Case group (Karyomapping) P value
No. of patients/cycles 32/40 75/88

Maternal age (years, mean + SD, min—max) 31.88 £4.609(23-40) 31.59 £3.601(22-39) NS
Paternal age (years, mean + SD, min—max) 35.18 £4.601(26-42) 34.31 £5.625(23-47) NS*

No. of oocytes retrieved 13.52 +7.423 17.24 +7.085 P <0.05%
No. of biopsied embryos 8.85 £3.655 9.67 +£3.941 NS*
Clinical pregnancy rate per transfer cycle (%) 41.86 65.08 P <0.05
Spontaneous miscarriage rate (%) 2222 2.44 P<0.05
No. biochemical pregnancies 3 1 -

No. of babies born 12 42° -

# Statistical analysis was performed according to Mann—-Whitney U test
°By the time of the article was written

was found between the case and the control group in the di-
agnosis of 3-thalassemia. With regard to the inconclusive di-
agnosis by haplotype analysis, there was a statistical differ-
ence between the two groups (0.85% vs 2.69%, P = 0.014 in
HBB; 0.85% vs 2.40%, P = 0.034 in HLA). The inconclusive
results of PCR-STR in the control group were mainly attrib-
uted to the occurrence of ADO at the STR locus and the poor
heterozygosity of the locus itself. For Karyomapping in the
case group, the inconclusive result might be related to the
aneuploidy of the chromosome containing the target gene or
copy-neutral loss of heterozygosity (LOH) in the gene region.
There was a significant difference in the HLA matching
rate between the case and control groups (21.34% vs.
14.37%, P = 0.007). Meanwhile, the rates of normal and car-
riers of 3-thalassemia with matched HLA were 15.72% and
14.07%, respectively, with a slight difference between the
groups (P = 0.048). Subsequently, CCS was conducted in
the case group, and 33.37% were found to have aneuploidy.
Finally, the percentage of HLA-matched embryos decreased
the transfer rate to 9.79%, because of the exclusion of aneu-
ploid embryos. The detailed results are presented in Table 3.
Among 820 embryos subjected to SNP haplotype analysis
for the HBB gene in the case group, recombination in the HBB
gene and its adjacent 2 Mb upstream and downstream was
found in 94 embryos (11.46%), with 54 recombination events
on the paternal allele and 44 on the maternal allele. In addition,
three embryos indicated recombination on both alleles, and
the reference samples indicated recombination in seven fam-
ilies, with six on the paternal allele and one on the maternal
allele. Additionally, recombination in the HLA gene and its
adjacent 2 Mb upstream and downstream was found in 46
embryos (5.61%), with 18 on the paternal allele and 28 on
the maternal allele. Meanwhile, the reference samples indicat-
ed recombination in six families, with three on paternal alleles
and three on maternal alleles. The location of the recombina-
tion was mostly found between HLA-A and HLA-B and down-
stream of HLA-DQB]1 (as shown in Table 3 and Fig. 1).
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In the case group, there was one case in which the mother
had a copy-neutral LOH at 6p21.31-p22.3 (6:24,946,167—
34,166,599) of about 10 Mb, which just covered the entire
HLA region. The lack of effective informative SNPs in the
HLA region meant that HLA matching could not be deter-
mined in two embryos. Subsequently, PCR-STR was used
for HLA matching in this family. The results showed that 4
out of 11 STR loci were informative. Finally, one embryo was
determined as HLA-matched and a successful pregnancy was
achieved after transfer. The amniotic cell genetic test result
was in accordance with the result predicted by PGT-HLA (as
shown in Fig. 2).

Discussion

Verlinsky et al. first reported preimplantation genetic diagno-
sis (PGD) for Fanconi anemia combined with HLA matching
in 2001 [22]. In 2010, Handyside et al. put forward the con-
cept of Karyomapping [13]. Several studies have confirmed
the feasibility and accuracy of this technique to detect mono-
genic diseases before embryo implantation [13, 15—-17]; how-
ever, few studies have reported HLA matching.

The present study reported the clinical application of
Karyomapping combined with HLA matching in patients with
p-thalassemia. In the diagnosis of [3-thalassemia,
Karyomapping was similar to conventional PCR-STR in
terms of the normal homozygote rate, the heterozygote rate,
and the affected rate. The inconclusive diagnosis in the control
group was speculated to be related to insufficient STRs or the
semi-informative STRs and ADO, which led to failure to de-
termine the haplotype. There are a limited number of STRs in
the genome, and STRs may be far apart from each other, with
an average spacing of 0.7 cM [23-25]. Consequently, the in-
formative STRs available for the target gene and its flanking
regions are quite limited. At the same time, ADO is inherent in
minimal DNA amplification, which further reduced the
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Table 3  The laboratory data of preimplantation genetic testing for (3-thalassemia and HLA matching using PCR-STR and Karyomapping

Result Control group (PCR-STR) Case group (Karyomapping) P value
HBB-RDB HBB-STR HLA-STR HBB HLA

No. of failure amplification 20 - - 24 -

Diagnosis rate 334/354(94.35%) 325/354(91.81%) 326/354(92.09%) 820/851(96.36%) 820/851(96.36%)

Normal rate of 3-thalassemia 78/334(23.35%)"  73/325(22.46%)" - 207/820(25.24%)* —

Heterozygosity rate of 3-thalassemia 179/334(53.59%)* 172/325(52.92%)* — 407/820(49.63%)*

Abnormal rate of 3-thalassemia 77/334(23.05%)"  80/325(24.62%)" — 206/820(25.12%)* —

Incomplete/inconclusive diagnosis - 9/334(2.69%) 8/334(2.40%) 7/827(0.85%) 7/827(0.85%) P <0.05

by haplotype analysis

HLA matching rate - - 48/334(14.37%) - 175/820(21.34%) P <0.05

Normal/carriers and matched HLA ~ 47/334(14.07%) 130/827(15.72%) P<0.05

HLA-matched allowed for transfer ~ 47/334(14.07%) 81/827(9.79%) P <0.05

Aneuploidy - - - 276/827(33.37%) - -

Haploidy - - - 2/827(0.24%) - -

Triploid - - - 1/827(0.12%) - -

The recombination rate of embryos

94/820(11.46%)  46/820(5.61%)° -

?There was no statistical difference between the two

°No informative SNPs of maternal in HLA region were included

number of STRs available in the embryo samples. For exam-
ple, in our study, there were six STRs in HBB and its flanking
regions. In a family, the available STRs (informative and
semi-informative STRs) must be less than or equal to 6.
Then, in embryo testing, the number of available STRs may
be further reduced because of ADO. In addition, these avail-
able STRs may be located only in the upstream or downstream
regions of HBB. Meanwhile, in the case group, the inconclu-
sive diagnoses were mainly caused by aneuploidy of the target
chromosome and copy-neutral LOH in the target region. The
large number of SNPs greatly weakened the impact of ADO.
SNPs cover all chromosomes; therefore, the copy number of
the whole chromosome can be evaluated accordingly, thereby
promoting aneuploidy screening to prevent spontaneous mis-
carriage and the misdiagnosis of target genes caused by chro-
mosomal abnormalities.

SNPs are distributed more evenly with less space between
them in the human genome compared with STRs; therefore,
they are more accurate to determine the parental origin of
target genes, especially chromosome recombination and its
location. A recombination rate of 5.61% within the HLA re-
gion was observed in our study. The recombination location of
HLA observed was mostly located between HLA-A and HLA-
B and in the downstream region of HLA-DQB]1. The results
reported by Kakourou ef al. were different from our results. In
their study, the rate of recombination of HLA was 3.5%, which
occurred mostly in the upstream region of HLA-A and down-
stream of HLA-DQBI1. [26]. However, before that, Little ez al.
and Rechitsky et al. reported over 4% recombination within
the HLA region [27, 28]. Our recombination rate was closer to
these two reports. The STR analysis was applied in a previous
study. Thus, further study will be needed to estimate the
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Fig. 2 Preimplantation genetic testing of (3-thalassemia combined with
HLA matching. There was one case in which the woman had a copy-
neutral LOH at 6p21.31-p22.3. a B allele and Log R Ratio result of
chromosome 6 in the mother. The region within the red frame contains
the HLA region. All SNPs are homozygous AA or BB; meanwhile, the
baseline value of the Log R Ratio is not offset. b SNP haplotypes analysis
of the HLA region. The region within the red frame shows the maternal
haplotypes of an embryo; there are no informative SNPs. The region
within the blue frame shows the haplotypes of the reference sample. ¢

recombination rate of the HLA region by other methodologies,
such as Karyomapping [26]. Karyomapping might be able to
provide a more accurate location of chromosomal recombina-
tion, thereby improving the accuracy of haplotype analysis.
Theoretically, the HLA matching rate is 25%. Our results fur-
ther confirmed the accuracy of Karyomapping, with a rate of
HLA matching (21.34%) being closer to the theoretical value.

In addition, a whole-genome SNP array can be used for
aneuploidy screening. Especially for HLA-matched fami-
lies, it is important to select the most suitable embryos
(unaffected HLA-matched euploid blastocysts) for transfer,
thereby increasing the time and opportunities for hemato-
poietic stem cell transplantation treatment. Recent reports
support this view, suggesting that PGT-HLA should in-
clude aneuploidy screening as standard [26, 29-31]. In
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Schematic diagram of the distribution of four STR loci available for the
HLA region. d STR haplotypes analysis of the HLA region, F father, M
mother, E embryo, tel telomere, cen centromere. The black bold number
is the peak of the reference sample. Embryo E2 was confirmed to be
incompatible with the reference sample because of an unmatched paternal
chromosome. Karyomapping was unable to determine the HLA type in
E3 and E6. E3 was determined to be an HLA-matched embryo by PCR-
STR. Successful pregnancy was achieved after transfer. The amniotic cell
results were in accordance with the results predicted by PGT-HLA

our study, the aneuploidy rate was 33.37% after CCS.
The average maternal age was 31.59 + 3.60 years. These
results were similar to previous reports. Vanneste et al.
revealed that women aged < 35 years had an aneuploidy
rate of 30—40% at the blastocyst stage. Hou et al. reported
that the rate of chromosomal abnormalities was 33.59% in
young women (< 35 years) [32, 33]. Although the rate of
matched transferable embryos fell from 15.72% to less
than 10%, the clinical pregnancy rate and spontaneous mis-
carriage rate were significantly improved in the case group
compared with those in the control group. By contrast, two
cases in the control group were selectively terminated be-
cause of the presence of Down syndrome.

Although improvements in technology provide more op-
portunities and possibilities for diagnosis, Karyomapping
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Fig. 2 (continued)

itself also has certain limitations. For example, the principle of
Karyomapping is still a linkage analysis, and chromosome
recombination remains the main cause of poor accuracy and
mistakes in diagnosis. This might lead to difficulty in diag-
nosing all cohorts of embryos, especially if the reference sam-
ple itself has crossovers in the target region. In this study, this
phenomenon occurred in seven families. All the embryos in
the family showed a recombination in the same location adja-
cent to the HBB gene region. A similar recombination oc-
curred in HLA of all embryos in six families. According to
the report by Ottolini et al., such recombination could be at-
tributed to the crossover of the reference sample itself at this
site, namely, a common crossover [34, 35]. In the case of the
HBB genes, the risk of transferring an affected embryo is
minimal if a chromosome of the embryo has been identified
as coming from a normal parent chromosome. However, if the
embryo has inherited one abnormal chromosome and a com-
mon crossover occurs in the other one, it may not be possible
to diagnose the embryo. Direct mutation detection of the HBB
gene may be considered in this situation; however, accuracy

cannot be guaranteed because of the possibility of ADO, and it
is extremely risky to transfer such embryos. In the case of
HLA, it may not be possible to determine whether the embryo
is compatible with the reference sample, which may result in
patients undergoing several PGT-HLA cycles or not being
able to obtain matched embryos.

In addition, a case of copy-neutral LOH was encountered in
part of the short p arm of chromosome 6 in our study. The
copy-neutral LOH covered the entire HLA gene region, mak-
ing the diagnosis of HLA a challenge. We attempted to use
STRs to analyze the results. There were four available infor-
mative STRs, and the HLABC-CA locus was found to be lo-
cated between HLA-B and HLA-C (as shown in Fig. 2). A SNP
is a biallelic polymorphism of double alleles, while an STR is
amultiple allelic polymorphism. Each SNP locus usually con-
tains only two alleles; there are thus only two variants in a
single SNP, and the degree of variation is lower than that of
microsatellite DNA. In other words, the amount of informa-
tion provided by approximately 700-900 SNPs is equivalent
to that provided by 300—400 microsatellites. In this regard, if
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an SNP array is used for PGT-HLA, STR analysis can be
considered in the case of copy-neutral LOH in the HLA gene
region or where there are insufficient SNPs in the region itself.
Konstantinidis et al. also mentioned that direct mutation de-
tection of the target gene and STR analysis could be consid-
ered if the SNP coverage was extremely low in the target
region [19].

In summary, Karyomapping is a simple and efficient meth-
od of PGT for f3-thalassemia when combined with HLA
matching, and with the advantage of CCS to exclude chromo-
somal abnormalities simultaneously. However, this technique
still has its limitations. There is still room for conventional
STR analysis in cases of insufficient SNPs for linkage analy-
sis. Next-generation sequencing (NGS) technology can direct-
ly detect target genes while carrying out linkage analysis.
However, there have been few publications of clinical appli-
cations in PGT for f3-thalassemia combined with HLA
matching by NGS. In the future, more relevant data will be
needed to validate the methodologies.
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