Chen et al. Reproductive Biology and Endocrinology (2025) 23:39 Reprod uctive Bi o|ogy
https://doi.org/10.1186/512958-025-01376-1 .
and Endocrinology

Check for
updates

The diagnostic accuracy of preimplantation
genetic testing (PGT) in assessing the genetic
status of embryos: a systematic review

and meta-analysis

Kexin Chen'?", Zhixin Hu'#', Yuxuan Lian"*", Youzhen Han'#!, Xiaoting Zhou'?, Yonggang Li'?, Lifeng Xiang'?,
Weiqun Jiang'?, Mingying Li'?, Peng Zeng'?, Manqin Zhang'?, Xi Luo'?, Yongfang Xu'?, Haishan Zheng'?,
Mei Tian'?, Mei Wang "2, Rui Ma'?, Jichun Yang'?, Yun Bai', Ruiyu Du'?, Bo Deng'?, Ze Wu'%, Yunxiu Li"?" and
Jiacong Yan'?"

Abstract

Background Preimplantation genetic testing (PGT) is widely used in assisted reproduction to assess the genetic
status of embryos. However, increasing evidence suggests that the trophectoderm (TE) may not fully reflect the
genetic status of the inner cell mass (ICM), raising controversy about the accuracy of TE biopsy. Research in recent
years has focused on cell-free DNA (cfDNA) found in blastocoel fluid (BF) and spent culture medium (SCM), as these
may contain genetic information from both the TE and ICM. Therefore, further research and validation are essential to
determine the reliability and clinical applicability of these diagnostic methods in PGT.

Methods Relevant studies published between January 2000 and August 2024 were identified through PubMed
and Web of Science (WOS). Risk assessment and publication bias were evaluated using QUADAS-2 and Deek’s test.
Diagnostic meta-analysis was performed using a bivariate model to combine sensitivity and specificity, with results
visualized through forest plots and summary receiver operating characteristic (SROC) curves.

Results Out of 6,407 initially screened records, 36 studies involving 4,230 embryos were included. TE biopsy was
identified as the best method for diagnosing the genetic status of embryos (sensitivity: 0.839; specificity: 0.791, AUC:
0.878), while SCM had slightly lower accuracy (sensitivity: 0.874; specificity: 0.719, AUC: 0.869). The effectiveness of
BF (AUC: 0.656) was significantly lower than that of TE biopsy and SCM. Despite this, TE biopsy has not yet achieved
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diagnostic efficiency of PGT.

diagnostic efficiency and yield optimal results.

\Irmer cell mass (ICM), Diagnostic accuracy

ideal diagnostic performance. However, TE biopsies demonstrate a high level of accuracy in diagnosing PGT-SR (AUC:
0.957). Additionally, multiple TE biopsies (AUC: 0.966) or TE biopsies combined with SCM (AUC: 0.927) can enhance the

Conclusion The findings of this study suggest that TE biopsy has yet to achieve optimal diagnostic accuracy, which
may result in a significant number of missed embryo diagnoses and misdiagnoses. Our results confirm that SCM has
the potential to serve as a supplementary test. Employing multiple biopsies or combining TE with SCM may enhance

Keywords Trophectoderm (TE) biopsy, Spent culture medium (SCM), Blastocoel fluid (BF), Whole blastocyst (WB),

Introduction

Pre-implantation genetic testing (PGT) assesses the over-
all genetic status of an embryo through the biopsy of 3
to 10 trophectoderm (TE) cells [1-3]. In the absence of
mosaicism, the diagnostic accuracy of TE-biopsy and
whole blastocyst/inner cell mass (WB/ICM) analy-
sis exceeds 95% [4—6]. Additionally, numerous studies
have reported a high degree of consistency between the
results of TE-biopsy and prenatal diagnosis [7, 8]. How-
ever, numerous studies have shown that mosaic embryos
are prevalent among preimplantation embryos, with an
incidence ranging from 2 to 40% [9-11]. Consequently,
the results of TE-biopsy may not always align with those
of WB/ICM analysis. In 2015, a study reported that
embryos diagnosed as mosaic by TE-biopsy were suc-
cessfully implanted, resulting in healthy live births [12].
A subsequent large-scale retrospective study confirmed
these findings [13]. Additionally, TE-biopsy exhibits
variability in detecting abnormal fragments, with 40%
of these fragments being euploid upon re-biopsy [14].
These studies indicate that TE-biopsy does not fully rep-
resent the overall genetic status of the embryo, and there
remains a degree of controversy regarding its accuracy.

Numerous clinical trials have reported significant
improvements in patient outcomes following the imple-
mentation of PGT [15-18]. However, inconsistencies
between TE-biopsy and the gold standard (WB/ICM)
persist. Research by Gleicher et al. suggests that, assum-
ing mosaicism is evenly distributed, at least 27 cells must
be biopsied to achieve a comprehensive assessment of the
embryo’s genetic status [19]. Currently, the number of TE
biopsied cells ranges from 3 to 10, leaving the extent of
their representation of the embryo’s full genetic status
unclear.

Since then, cell-free DNA (cfDNA) derived from
blastocyst fluid (BF) has been considered as poten-
tially containing genetic information from both TE and
ICM, which may better represent the embryo’s over-
all genetic profile [20]. However, multiple studies have
demonstrated that the diagnostic efficiency of BF-based
minimally invasive Preimplantation Genetic Testing (mi-
PGT) is extremely low, rendering it unsuitable for clinical

use [21, 22]. In contrast, SCM not only includes genetic
information from both TE and ICM but also has a higher
DNA concentration compared to BE, leading to signifi-
cantly improved diagnostic accuracy [21]. Despite this,
the current diagnostic efficiency of SCM remains below
clinically acceptable standards due to potential mater-
nal contamination and significant variability in results
[23-25]. Therefore, the application value of SCM remains
controversial.

Although PGT was introduced in 1990 and SCM-based
ni-PGT in 2016, there remains a lack of evidence-based
validation for the effectiveness of TE-biopsy and SCM
in assessing embryonic genetic status [26, 27]. Further
research is required to comprehensively evaluate the
diagnostic performance of both TE-biopsy and SCM in
assessing embryonic genetic status. The primary aim of
this systematic review and meta-analysis was to evaluate
the accuracy of TE-biopsy and SCM in diagnosing the
overall genetic status of embryos (Fig. 1). Additionally,
the secondary aim was to identify the most effective pro-
tocol for accurately assessing the overall genetic status of
embryos.

Methods

Eligibility criteria

This study conducted a systematic quantitative and quali-
tative analysis based on Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [28]. The study protocol underwent assessment and
was registered with PROSPERO (registration number:
CRD42022310230).

Search strategy

From January 2000 to August 2024. PubMed, Web of
Science were searched. The search process was carried
out by two researchers (C.K. and H.Z.) independently
to ensure accuracy and reliability. The retrieval process
is mainly through the following medical subject heading
(Mesh) terms and/or keywords: ((blastocoel fluid) AND
((trophectoderm) OR (whole blastocyst) OR (inner cell
mass) OR (residual blastocyst) OR (remaining blastocyst)
OR (whole embryo))); ((trophectoderm) AND ((whole
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Fig. 1 Preimplantation genetic testing (PGT) workflow
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3. Corresponding TE and ICM results could not be
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4. no full text available (n=26)

Fig. 2 Preferred reporting items for systematic review and meta-analyses (PRISMA) flow diagram of the systematic search and study selection process

blastocyst) OR (inner cell mass) OR (residual blasto-
cyst) OR (remaining blastocyst) OR (whole embryo)));
((preimplantation genetic testing) AND ((whole blas-
tocyst) OR (inner cell mass) OR (residual blastocyst)
OR (remaining blastocyst) OR (whole embryo))); ((non-
invasive preimplantation genetic testing) AND ((whole
blastocyst) OR (inner cell mass) OR (residual blastocyst)
OR (remaining blastocyst) OR (whole embryo))); ((spent
culture medium) AND ((whole blastocyst) OR (inner cell
mass) OR (residual blastocyst) OR (remaining blasto-
cyst) OR (whole embryo))); ((blastocyst culture medium)
AND ((whole blastocyst) OR (inner cell mass) OR (resid-
ual blastocyst) OR (remaining blastocyst) OR (whole

embryo))); (((non-invasive preimplantation genetic test-
ing) OR (spent culture medium) OR (blastocyst culture
medium)) AND ((preimplantation genetic testing) OR
(trophectoderm))). The process of literature retrieval and
inclusion is shown in Fig. 2. After duplicates removal,
a total 3525 studies are included, after preliminary of
screen, 78 studies were conducted for full text reading.
After retrieval and exclusion, 36 studies were included in
this study for main result analysis and subgroup analysis
to provide a basis for clinical application [3, 5, 6, 21-23,
25, 27, 29-56]. The process of retrieval, only English doc-
uments were searched.
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Study selection

The inclusion and exclusion criteria of the literatures are
formulated by reading and judge the relevance. In the
process of literature screening, the literature is filtrated
independently by four reviewers (C.K., H.Z., L.Yu., and
H.Y.), and the controversial articles are judged by the fifth
reviewer (Y.Jia.). The initial step involves two reviewers
conducting a preliminary screening. The reviewers then
re-screens the title and abstract, scrutinizing them care-
fully. Finally, the reviewers read the full text to identify
the literature that meets the inclusion criteria.

The inclusion criteria for this study are as follows: (i)
Trophectoderm and WB/ICM from the same blastocyst
were analyzed. (ii) Trophectoderm, SCM, and WB/ICM
from the same blastocyst were collected for analysis. (iii)
Trophectoderm, BF, and WB/ICM from the same blasto-
cyst were collected for analysis. (iv) The trophectoderm
and SCM from the same blastocyst were analyzed. Stud-
ies will be included in the analysis if they satisfy at least
one of the inclusion criteria. The ICM develops into the
fetus, and some studies use ICM as the gold standard
for evaluation. Other studies use WB, which include
the ICM, as the gold standard. Consequently, this study
adopts WB/ICM as the gold standard. Using WB/ICM
as the gold standard, the studies included in the analysis
were categorized and assessed to evaluate the diagnostic
efficacy of TE-biopsy, SCM, and BF. Additionally, TE-
biopsy served as a control to determine the diagnostic
efficacy of SCM.

Information extraction

The extraction of 36 included literature information
was completed by four reviewers (C.K., H.Z., L.Yu. and
H.Y.). The specific information is shown in Table 1, which
mainly includes author information, magazine type, ART,
number of embryos, DNA amplification system and
sequencing platform, number of biopsy cells and so on.

Risk of bias and applicability assessment

This study is a diagnostic meta-analysis, employing Qual-
ity Assessment of Diagnostic Accuracy Studies 2 (QUA-
DAS-2) for risk assessment. The QUADAS tool, which
is currently the most recommended for evaluating diag-
nostic accuracy, is endorsed by the Cochrane collabora-
tion [57]. It assesses various components, including case
selection, trials, gold standards, case flow, and prog-
ress, with regard to bias risk. The quality assessment of
the literature was done independently by four reviewers
(CK., H.Z.,, LYu. and H.Y.). Ambiguous documents are
resolved by a fifth reviewer (Y.Jia.).

Data extraction
In accordance with the inclusion criteria, data were
extracted from the included studies, encompassing: (i)
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name of the first author; (ii) year of publication; (iii) gold
standard; (iv) patient population; (v) number of true posi-
tives (TP), false positives (FP), false negatives (FN), and
true negatives (TN). Missing or unclear data prompted
attempts to contact the corresponding author via email
for clarification. Data extraction was conducted indepen-
dently by four researchers and reviewed by all authors to
identify any potential errors.

Statistical analysis

Data statistics were computed from the TP, FP, FN, and
TN reported in the included studies to derive sensitivity,
specificity, and area under the curve (AUC) values. When
studies included TE, SCM, and gold standard assess-
ments simultaneously, they were grouped separately for
meta-analysis. This study employed a bivariate model to
estimate the combined sensitivity and specificity along
with their 95% confidence intervals. This approach uti-
lizes random effects (RE) to directly model the heteroge-
neity and correlation of sensitivity and specificity across
studies (Reitsma et al. 2005). The bivariate model also
calculated additional diagnostic indicators, such as the
diagnostic odds ratio (DOR) and likelihood ratio (LR).
The DOR reflects how much more likely a positive test
result is compared to a negative result. The LR measures
the ratio of the probability of a test result in patients to
the probability of the same result in non-patients, and is
categorized into the positive likelihood ratio (LR+) and
the negative likelihood ratio (LR-). A higher LR +value
indicates greater accuracy of the positive result, while a
lower LR -value signifies greater accuracy of the nega-
tive result. To illustrate between-study heterogeneity, we
constructed forest plots and AUC curves with 95% con-
fidence intervals for the bivariate model meta-analysis.
Since meta-analysis of diagnostic test accuracy require
bivariate data in terms of sensitivity and specificity, we
avoided using statistical methods typically applied in
systematic reviews of interventions, such as Cochran’s Q
and I? statistics. Subgroup analyses were conducted using
bivariate models to explore the impact of: (i) patient age;
(ii) trophectoderm quality; (iii) patient population char-
acteristics; and (iv) SCM source. Publication bias was
assessed using Deeks’ funnel plot, with the P value from
the statistical test indicating whether publication bias was
significant [58]. A P value of <0.05 was considered signif-
icant; otherwise, it was deemed not significant. All analy-
ses were performed using Review Manager (RevMan) 5.4,
Stata 16.0, R version 4.4.1, Rstudio version 1.4.555, and
the mvmeta, ggplot2, mada, metafor, and matedat pack-
ages (C.K., H.Z,, L.Yu. and H.Y.). The Fig. 1 was created
with BioRender.com (https://www.biorender.com/), and
it is assigned the agreement number CS27TZCUD2.
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Table 1 (continued)

Fro-

Whether
apply

AH

Embryo
quality

Sequencing Type of

Age
methods

Country

Diagnostic sample
Sample type

Sample/N

Participants/N

First author, year
of publication

zen/
Fresh

PGT

FP FN ™

P

embryo

Frozen

YES

/

PGT-A

NGS

China

12

22 WB-TE

12

Lietal,2021

4

WB-SCM
TE-SCM
WB-TE

PGT-SR

WB-SCM
TE-SCM
TE-SCM

TE-SCM
WB: whole blastocyst; ICM: inner cell mass; TE: trophectoderm; SCM: spent culture media; BF: blastocyst fluid; PGT-SR: preimplantation genetic testing for structural rearrangements; PGT-A: preimplantation genetic testing

for aneuploidy; AH: assisted hatching; TP: true positive; FP: false positive; FN: false negative; TN: true negative; NGS: next-generation sequencing; aCGH: array-based comparative genomic hybridization

YES Fresh

/

PGT-A

NGS

China

9

27

36

260

54

Hu et al, 2023

PGT-SR

16

35

118
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Results

Search results and characteristics of included studies

A systematic search of PubMed and Web of Science data-
bases identified 6,407 records, with 3,464 from PubMed
and 2,943 from Web of Science. After removing 2,882
duplicate records, 3,447 records were excluded based
on title and abstract screening. An additional 40 records
were excluded after a full-text review (Fig. 2). Ultimately,
36 studies met the inclusion criteria, providing test
results from blastocyst fluid (BF = 3), spent culture media
(SCM =23), and trophectoderm (TE=16) biopsies. The
general characteristics of the included studies are sum-
marized in Table 1.

Risk of bias and applicability assessments

The QUADAS-2 assessment results for risk of bias and
applicability are presented in Fig. 3. Among the stud-
ies using WB/ICM as the gold standard, only two stud-
ies (L. Wu 2021 and Baoheng Gui 2016) had a high risk
of bias in patient selection, while the remaining studies
were rated as low risk. The index test domain consistently
showed a low risk of bias across all studies. In the refer-
ence standard domain, most studies exhibited a low risk
of bias, indicating high confidence in the findings based
on validated standards. The flow and timing domains also
showed consistent trends, with overall low applicability
concerns across all three domains for WB/ICM.

Among the studies using TE as a control, six were rated
as having a high risk of bias, while the remaining stud-
ies were classified as low or medium risk. Although some
studies in the index test domain displayed a high risk of
bias, most were within the low to moderate risk range.
The applicability assessment revealed partially high appli-
cability in this patient population, likely due to the con-
sistency of clinical settings and the relevance of patient
characteristics. Although the risk of bias in studies using
TE as a control was slightly higher compared to those
using WB/ICM, the validity and generalizability of TE in
specific populations were well supported. These findings
suggest that patient selection in both study groups was
relatively randomized, with strict protocols followed dur-
ing implementation to ensure the objectivity and repro-
ducibility of the results (Supplementary Figure S1).

Deek’s test was employed to assess publication bias and
evaluate heterogeneity in diagnostic accuracy within the
review. The p-value for Deek’s test exceeded 0.05 across
all outcomes, indicating the absence of heterogeneity
(Supplementary Figure S2).

TE biopsy falls short of ideal diagnostic accuracy

Using WB/ICM as the gold standard, the diagnostic
sensitivity and specificity of TE biopsy (PGT), SCM (ni-
PGT), and BF (mi-PGT) were illustrated through forest
plots (Fig. 4), with their diagnostic metrics summarized
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Fig. 3 Risk of bias and applicability concerns graph/summary (gold standard: WB/ICM)

in Table 2. While the sensitivities of the three diagnos-
tic methods were comparable, the specificity of TE was
higher than that of SCM and BF. The improved pooled
specificity for TE contributed to its higher diagnos-
tic accuracy compared to SCM and BF as defined by its
AUC value when visualizing all markers on SROC curves
(Fig. 5). Additionally, TE biopsy exhibited the highest
AUC value at 0.878, surpassing SCM’s 0.869 and BF’s
0.656. The diagnostic odds ratio (DOR) of TE was also
superior to those of SCM and BF. Positive likelihood
ratios (LR+) and negative likelihood ratios (LR-) further
confirmed that TE biopsy outperformed SCM and BF in
diagnostic efficiency.

TE biopsy subgroup analysis

The diagnostic AUC value of TE biopsy is below 0.9,
indicating that it has not yet achieved the desired level
of diagnostic accuracy. To ensure an accurate and unbi-
ased evaluation of PGT’s diagnostic efficiency, data from
prospective studies were analyzed. The results revealed
that the AUC for prospective PGT was only 0.807, lower

than the overall diagnostic efficiency of PGT (0.878), with
both its sensitivity and specificity also falling short of the
overall efficiency of TE (Table 2). This suggests that the
diagnostic efficacy of PGT is influenced by variations in
population characteristics, embryo types, and patient
profiles.

PGT’s diagnostic outcomes are closely tied to popula-
tion characteristics, yet its diagnostic value across dif-
ferent populations remains unclear. In analyzing two
distinct populations, the AUC for PGT-SR was 0.957,
higher than the 0.806 for PGT-A, with TE biopsy dem-
onstrating higher diagnostic sensitivity and specificity in
the PGT-SR population compared to the PGT-A popula-
tion (Table 3). The diagnostic efficiency of TE biopsy was
exceptionally high in the PGT-SR group, with an AUC
exceeding 0.9, achievement of diagnostic level. However,
in the PGT-A population, the AUC of TE biopsy was only
0.806, Far from reaching the diagnostic threshold.

Furthermore, PGT’s diagnostic performance is cor-
related with patient characteristics, The risk of chromo-
some number and structural abnormalities in embryos
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Fig. 4 Sensitivity and specificity forest plots of in the PGT diagnosis

Table 2 Summary diagnostic accuracy measures of preimplantation genetic testing (PGT)

Index Test N Sensitivity % Specificity % AUC DOR Positive LR Negative LR (97.5% Cl)
(95% CI) (95% Cl) (97.5% ClI) (97.5% CI)

TE(WB/ICM) 16 0.839(0.790-0.879)  0.791(0.746-0.830) 0.878  20.300(12.700-30.800)  4.030(3.240-4.980)  0.205(0.151-0.270)

SCM(WB/ICM) 9  0.874(0.825-0911)  0.719(0.650-0.780)  0.869 18.400(10.800-29.300)  3.140(2.480-3.970)  0.178(0.123-0.247)

BF(WB/ICM) 3 0.859(0.757-0.922)  0.593(0.514-0.668) 0.656 9.520(4.220-18600)  2.120(1.700-2.620)  0.248(0.130-0.418)

WB: whole blastocyst; ICM: inner cell mass; TE: trophectoderm; SCM: spent culture media; BF: blastocyst fluid; DOR: diagnostic odds ratio; LR: likelihood ratio
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Fig. 5 Summary receiver-operating characteristic (SROC) curve for the PGT diagnosis: (A) trophectoderm biopsy (TE), (B) spent culture medium (SCM),
(C) blastocyst fluid (BF), and (D) all markers. Each symbol represents a single study. The black dot represents the summary point and the dotted region
represents the 95% confidence region. The diagonal dotted line represents AUC=0.50 (random chance)

increases with age in women over 38 years of age
(advanced age group). Given the high sensitivity observed
in previous results, the impact of age on PGT-A diag-
nostics was considered. Samples were divided into two
groups: PGT-A =38 years old and PGT-A <38 years old
(Table 3). The diagnostic sensitivity of PGT-A was higher
in women of advanced age, though its specificity was
slightly lower compared to those under 38. The AUC for
PGT-A was 0.856 in the advanced age group, better than

the 0.793 observed in younger women, indicating supe-
rior diagnostic performance in the advanced age group.
The diagnostic accuracy of PGT is also affected by the
quality of the TE cell. Whole embryos comprise both
ICM and TE, and the quality of trophoblast cells may
impact the diagnostic validity of TE biopsies. To explore
this, a stratified analysis was conducted based on differ-
ent embryo qualities (Table 3). Embryos with a TE score
of A/B were classified as high quality, while those with a
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Table 3 Subgroup analysis of diagnostic accuracy of TE biopsy/ SCM(WB/ICM)

Index Test N  Sensitivity  Specificity% AUC  DOR(97.5% Cl) Positive LR Negative LR
% (95%Cl)  (95% Cl) (97.5% CI) (97.5% ClI)
TE biopsy TE(WB/ICM) 16 0.839(0.790- 0.791(0.746- 0.878  20.300(12.700-30.800) 4030(3.240-  0.205(0.151-
0.879) 0.830) 4.980) 0. 270)
exclude mosaic TE exclude mosaic (WB/ 15 0.875(0.822—- 0.864(0.802- 0.926 46.300(25.300-78.100) 6.560(4.420— 47(0.100-
ICM) 0.914) 0.909) 9.550) O 206)
PGT-A/SR TE-PGT-A(WB/ICM) 13 0.821(0.758- 0.776(0.736- 0.806  16.300(10.000-25.200) 3.670(3.020- O 233(0 165-
0.871) 0.811) 4420) 315)
TE-PGT-SR(WB/ICM) 2 0.928(0.752—- 0.882(0.690- 0.957 153.000(14.600-636.000) 70(2.900— 02(0.021-
0.982) 0.962) 24 000) O 292)
WB/ICM TE(WB) 9  0.880(0.816- 0.786(0.696- 0.907  28.000(16.400-44.900) 4.200(2.950- 56(0.101-
0.924) 0.856) 5.920) O 226)
TE(ICM) 8 0.827(0.742- 0.793(0.726- 0.867  19.600(8.920-37.500) 4.050(2.860-  0.224(0.138-
0.887) 0.848) 5.590) 0.337)
prospective(A)  TE(WB/ICM) 12 0820(0.756- 0.779(0.739- 0807  16.600(10.100-25.800) 3.730(3.050~ o 233(0 164-
0.871) 0815) 4510) 317)
Age PGT-A(age<38) 6 0.732(0607- 0.766(0.699- 0.793  9.460(4.680-17.200) 50(2.310 O 355(0 223-
0.829) 0.822) 90) 517)
PGT-A(age >38) 4 0817(0711-  0.756(0.606- 0.856  15.400(5.510-34.600) 3 490(2 030- 0. 252(0 144~
0.890) 0.862) 5.940) 0. 402)
Embryo quality TE-C 6 0.835(0.759- 0.772(0.708- 0.848  18.100(9.130-32.300) 3.700(2.760- 218(0.139-
0.891) 0.826) 4. 880) O 322)
TE-A/B 8  0778(0681- 0846(0.779- 0885  20.600(9.310-39.700) 40(3360-  0.267(0.172-
0.852) 0.895) 7,600) 0.386)
Index Test N Sensitivity %  Specificity %  AUC DOR (97.5% Cl) Positive LR Negative LR
(95% Cl) (95% Cl) (97.5% Cl) (97.5% Cl)
SCM SCM(WB/ICM) 9 0874(0825- 07190650~ 0869  18400(10.800-29.300) 3.140(2480-  0.178(0.123-
0911) 0.780) 970) 0. 247)
exclude mosaic  SCM exclude mosaic 9 0.888(0.827—- 0.782(0.705- 0.910 29.500(16.100-49.800) 20(3.030- 47(0.092—
(WB/ICM) 0.929) 0.843) 5 570) 19)
frozen SCM-frozen (WB/ICM) 8  0.885(0.820- 0.716(0.630- 0.886  20.500(10.200-37.000) 60(2.370- 65(0.099-
0.929) 0.790) 4 200) O 255)
PGT-A SCM-PGT-A(WB/ICM) 7 0870(0.807- 0.668(0.562- 0.871  14.100(7.280-24.800) 2.660(1.980-  0.200(0.128-
0.915) 0.759) 3. 590) 0. 295)
WB/ICM SCM(WB) 8  0863(0.805- 0739(0679- 0876  17.400(10.400-27.400) 90(2.650~ 91(0.129-
0.906) 0.773) 3 820) O 270)
SCM(ICM) 3 0.918(0.809- 0.687(0444- 0.914 32.500(5.710-106.000) 3.200(1.610 37(0.045-
0.967) 0.858) 6.460) 18)
Embryo quality TE-C 2 0.859(0.780- 0.674(0.540- 0857  13.700(5.620-28.200) 2.700(1.830— 17(0.126-
0.913) 0.784) 4.010) O 347)
TE-A/B 2 08350563~ 0484(0085- 0825 12.000(0.322-69.300) 2350(0.796-  0.587(0.0835-
0.951) 0.905) 8.610) 2.460)

WB: whole blastocyst; ICM: inner cell mass; TE: trophectoderm; SCM: spent culture media; BF: blastocyst fluid; TE-C: trophectoderm quantity is C; TE-A/B:

trophectoderm quantity is A/B; DOR: diagnostic odds ratio; LR: likelihood ratio

score of C’s were considered low quality. The diagnostic
efficiency of PGT was superior in high-quality trophec-
toderm cells, with an AUC of 0.885, compared to 0.848 in
low-quality trophectoderm cells.

The accuracy of PGT diagnosis is influenced by the
type of gold standard used. The diagnostic performance
of PGT was higher when WB was used as the gold stan-
dard (AUC: 0.907) compared to ICM (AUC: 0.867). These
results indicate considerable heterogeneity between TE
cells and ICM cells; thus, TE biopsy may not accurately
represent the genetic status of ICM.

Mosaicism is prevalent in pre-implantation embryo
diagnosis and TE biopsies face significant diagnostic
challenges due to uncertainty in the location of mosaics.
The impact of mosaic embryos on the diagnostic accu-
racy of PGT is currently unknown. To address this issue,
we analyzed known euploid and aneuploid embryos
while excluding all mosaic embryos. After exclusion,
the curvilinear AUC for PGT increased to 0.926, which
exceeded the 0.878 when mosaic embryos were not
excluded, suggesting that mosaic embryos reduced the
diagnostic accuracy of PGT (Table 3). Similarly, after
exclusion of mosaic embryos, the AUC value for SCM
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Table 4 Summary diagnostic accuracy measures of Multi-diagnosis (TE+SCM and TE+TE)

Index Test N Sensitivity % Specificity % AUC DOR (97.5% ClI) Positive LR Negative LR
(95% ClI) (95% ClI) (97.5% ClI) (97.5% ClI)
total TE(WB/ICM) 16 0.839(0.790- 0.791(0.746— 0.878 20.300(12.700— 4.030(3.240- 0.205(0.151-
0.879) 0.830) 30.800) 4.980) 0.270)
combined TE+SCM(WB/ICM) 7 0.921(0.848- 0.845(0.777- 0.927 71.300(25.400- 6.030(4.050- 0.098(0.046—-
test 0.961) 0.894) 160.000) 8.770) 0.183)
TE+TE(WB/ICM) 2 0.924(0.741- 0.914(0.714- 0.966 224.000(16.700- 13.600(3.130- 0.104(0.021-
0.981) 0.979) 1000.000) 42.300) 0.294)

WB: whole blastocyst; ICM: inner cell mass; TE: trophectoderm; SCM: spent culture media; TE+SCM: joint TE and SCM diagnostics; TE+TE: joint TE and TE re-biopsy

diagnostics; DOR: diagnostic odds ratio; LR: likelihood ratio

analysis increased to 0.910, which was an improvement
over the 0.869 when mosaic embryos were not excluded.
The diagnostic sensitivity and specificity of both PGT
and SCM increased after exclusion of mosaic embryos,
suggesting that mosaic embryos have an impact on the
accuracy of the different diagnostic methods.

SCM May supplement PGT methods

According to the subgroup analysis using WB/ICM as
the gold standard, the diagnostic indices of ni-PGT are
presented in Table 3. Contrary to the PGT results, SCM
demonstrated higher sensitivity and diagnostic efficiency
when ICM served as the gold standard, with an AUC
exceeding 0.9, indicating strong diagnostic performance.
This phenomenon may be attributed to the greater
release of cfDNA from ICM into the culture medium
during in vitro culture, making SCM a better represen-
tative of ICM’s genetic information. The source of cul-
ture fluid also influenced the accuracy and reliability of
ni-PGT, with higher diagnostic efficiency (AUC: 0.886)
observed when the culture fluid was derived from frozen
cycles. Since the cfDNA of SCM is derived from TE and
ICM cells, ni-PGT demonstrated higher diagnostic effi-
ciency in the PGT-A population (AUC: 0.871) compared
to PGT (AUC: 0.806).

The quality of TE cells may influence cfDNA release;
therefore, a subgroup analysis was conducted based on
TE cell quality (Table 3). Interestingly, low-quality TE
exhibited higher sensitivity, specificity, and diagnostic
efficiency than high-quality TE. Therefore, unlike TE
biopsies, the diagnostic efficiency of ni-PGT was better
in low-quality trophectoderm cells compared to high-
quality cells.

SCM subgroup analysis with TE as the control

In the analysis using TE as the control group, a subgroup
analysis of the PGT-A and PGT-SR populations was con-
ducted to further assess the application value of ni-PGT
across different groups (Supplementary table S1). The
results indicated that ni-PGT demonstrated higher diag-
nostic sensitivity and efficiency in the PGT-SR popula-
tion compared to the PGT-A population, aligning with
the overall trend observed in PGT diagnostics. This

finding reinforces the superior diagnostic performance of
ni-PGT in the PGT-SR population when TE is used as the
control group.

Additionally, subgroup analyses were performed based
on the source of culture fluid (frozen versus fresh cycles).
The results revealed that ni-PGT had higher specificity
and diagnostic efficiency with frozen cycles compared
to fresh cycles, consistent with the trend observed using
WB/ICM as the gold standard. This suggests that ni-
PGT performs better diagnostically with frozen samples.
Further analysis of the effect of culture fluid sources on
ni-PGT diagnostic efficiency in the PGT-A population
confirmed that sensitivity, specificity, and diagnostic effi-
ciency were all higher in frozen cycles compared to fresh
cultures. This further substantiates the superior diagnos-
tic performance of ni-PGT with frozen samples.

In assisted reproductive technology, assisted hatch-
ing (AH) aims to facilitate successful embryo hatching
before implantation by thinning or perforating the zona
pellucida using physical or chemical methods. During
this process, blastocyst fluid may enter the spent culture
medium (SCM), potentially impacting the diagnostic
performance of ni-PGT. A subgroup analysis comparing
embryos that underwent AH with those that did not was
conducted (Supplementary table S1). The results revealed
that the diagnostic sensitivity and efficiency of ni-PGT
were higher in embryos that received AH compared to
those that did not, suggesting that AH positively influ-
ences the diagnostic outcomes of ni-PGT.

Directions for PGT optimization

Based on previous results (Table 2), TE biopsy exhibited
the highest diagnostic efficiency among the three meth-
ods, yet it did not reach the ideal level. To enhance the
diagnostic performance of preimplantation genetic test-
ing (PGT), optimization strategies were investigated. The
diagnostic efficacy of combining TE with spent culture
medium (SCM) and employing multiple biopsies using
the WB/ICM gold standard was analyzed (Table 4). The
analysis revealed that both TE + SCM diagnosis and mul-
tiple biopsies significantly improved sensitivity and speci-
ficity compared to TE biopsy alone.
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Specifically, multiple biopsies achieved a higher AUC
value of 0.966, slightly surpassing the 0.927 AUC of
TE + SCM diagnosis. Both approaches outperformed TE
biopsy, which had an AUC of 0.878. Overall, both multi-
ple biopsies and TE + SCM diagnosis effectively enhanced
PGT diagnostic efficiency, with multiple biopsies demon-
strating the highest performance.

Discussion

Principal findings

The systematic review and diagnostic meta-analysis
encompassed 36 studies on embryo ploidy diagnosis,
involving a total of 4,230 embryos. The meta-analysis
results indicate that TE-biopsy is currently the most
accurate method for determining embryo ploidy, with
SCM being only slightly less accurate. Both SCM and
TE-biopsy are significantly more effective than the BF
method. Despite TE-biopsy’s superior accuracy, it is
important to recognize that it still has a certain rate of
missed detections and misdiagnoses, with an overall
diagnostic AUC value of 0.878, falling short of the ideal
diagnostic threshold of 0.9 or higher. At the same time,
our subgroup analysis indicates that performing mul-
tiple biopsies can further reduce the rates of missed
detections and misdiagnoses associated with TE-biopsy.
However, while multiple biopsies may enhance the diag-
nostic efficiency of TE-biopsy, they introduce uncertain-
ties regarding offspring safety and impose additional
economic burdens. Addressing these issues will require
further high-quality clinical studies. Additionally, our
study reveals an intriguing finding: combining TE-biopsy
with SCM diagnosis can improve diagnostic efficiency.
The results from this combined approach are superior to
those from either TE-biopsy or SCM alone and eliminate
the need for additional biopsies, thus mitigating concerns
about offspring safety. Therefore, when TE-biopsy alone
does not yield accurate genetic information, SCM should
be employed as a supplementary method. However, SCM
is highly susceptible to contamination from maternal
sources, which can lead to inaccurate test results. Future
research should focus on identifying biomarkers present
in SCM and integrating them into ploidy assessments for
comprehensive modeling. This approach could help miti-
gate the impact of maternal contamination on the accu-
racy of SCM detection.

Our population subgroup analysis of TE-biopsy
revealed that the AUC for the PGT-SR population was
0.957, significantly higher than the 0.806 observed in
the PGT-A population. This disparity may account for
why the diagnostic accuracy of TE-biopsy in our study
is lower than what has been reported in the literature.
Although the detection methods for PGT-SR and PGT-A
are similar, PGT-SR detection incorporates the parental
karyotype to enhance sequencing depth at breakpoint
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positions. This approach may help reduce missed detec-
tions and misdiagnoses. Additionally, our prospective
subgroup analysis, which exclusively involved the PGT-A
population, supports this explanation. Furthermore, our
analysis of SCM indicated that embryo freezing is a cru-
cial factor influencing SCM diagnostic accuracy.

Overall, these observational results underscore the
variability in diagnostic accuracy among different meth-
ods for assessing embryonic genetic information. It is
important to note, however, that population biases in
current observational studies may affect these results.
Specifically, the PGT-SR population is smaller than the
PGT-A population, and eight of the nine studies involv-
ing SCM used frozen-thawed embryos. These factors
may contribute to the comparable diagnostic efficiency of
SCM and TE-biopsy. Therefore, a thorough and accurate
evaluation of the diagnostic accuracy of TE, SCM, and BF
methods is essential.

Strengths and limitations

This study is the first to comprehensively evaluate the
accuracy of the three current PGT methods through
an evidence-based approach and an extensive database
search. To ensure the most accurate assessment, we
used ICM or WB containing ICM as the gold standard.
To minimize bias, we excluded studies with only abnor-
mal embryos and included those that encompassed both
euploids and aneuploids. Additionally, we employed rec-
ommended statistical methods for evaluating diagnostic
accuracy and used a quality assessment tool designed
specifically for diagnostic studies to assess bias risk. Our
findings may inform future research or guide the optimi-
zation of existing PGT methods. A significant limitation
of this study is the predominance of PGT-A populations
in the TE-biopsy studies, with only two studies involving
PGT-SR populations, potentially due to population dif-
ferences. Furthermore, in the SCM analysis, eight of the
included studies involved frozen-thawed culture media,
while only one study used fresh cycles. Additionally,
variations in culture systems and sample volumes across
studies prevented us from conducting a subgroup analy-
sis based on sample volume.

Comparison with other studies

Our study is the first to use ICM or WB as a reference
standard to evaluate the accuracy of TE-biopsy for
embryo ploidy diagnosis. The analysis reveals that the
AUC for TE-biopsy is 0.878. Additionally, the overall sen-
sitivity and specificity of TE-biopsy are 0.839 (95% con-
fidence interval [CI]: 0.790-0.879) and 0.791 (95% CI:
0.746-0.830), respectively. Although TE-biopsy is cur-
rently the most accurate method for diagnosing embry-
onic ploidy, it is important to note that its AUC does not
exceed 0.9, indicating that some misdiagnosis and missed
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diagnoses may still occur. This limitation might be influ-
enced by the population studied. Our subgroup analysis
of PGT-A and PGT-SR shows that the AUC for PGT-A is
0.806, which is adequate for screening purposes but may
have limited application. Additionally, clinical outcomes
for PGT-A in non-aged patients do not show significant
improvement compared to conventional IVF methods
[59]. This finding is supported by the study conducted by
Yan et al., which also found no significant difference in
clinical outcomes between PGT-A and IVF in non-aged
patients [60]. In contrast, the AUC for the PGT-SR popu-
lation is 0.957, indicating a high diagnostic accuracy. For
individuals with balanced translocations, TE-biopsy can
effectively identify and exclude nearly all unbalanced
translocation embryos, which significantly reduces the
miscarriage rate and enhances clinical outcomes [3].
Unlike the PGT-A population, PGT-SR patients have a
lower probability of producing normal gametes [61]. For
embryos with unbalanced translocations, there are typi-
cally two abnormal chromosomes corresponding to the
karyotype of the translocation carrier [62]. Consequently,
TE-biopsy in the PGT-SR population is less likely to
result in misdiagnosis or missed diagnoses.

In addition to differences in population, the type of
embryo may also contribute to suboptimal diagnostic
results from TE-biopsy. Embryonic mosaicism is preva-
lent in preimplantation embryos [63]. Due to the variable
degree and location of mosaicism, a single TE-biopsy
may not capture the complete genetic status of the entire
embryo [45]. Our research results indicate that removing
the influence of mosaic embryos significantly enhances
the diagnostic accuracy of TE-biopsy. The AUC for TE-
biopsy improved to 0.926, surpassing the 0.9 threshold,
with sensitivity and specificity values reaching 0.875
(95% CI: 0.822—0.914) and 0.864 (95% CI: 0.802—0.909),
respectively. Despite these improvements, effective
diagnostic methods for determining the comprehensive
genetic status of mosaic embryos remain lacking. Addi-
tionally, the impact of the sequencing platform must be
considered, as current PGT methods cannot differenti-
ate between low-proportion mosaic embryos that are
artifacts of background noise and true mosaicism [64].
A multicenter, double-blind, non-selective study found
no significant difference in clinical outcomes between
the transplantation of low-proportion mosaic embryos
(20-50%) and euploid embryos [65]. Thus, there is a need
for more sensitive bioinformatics algorithms to better
differentiate between mosaicism and background noise
in the future. Nonetheless, PGT-A retains significant
clinical value, particularly for aged patients. As women
age, the likelihood of producing abnormal gametes
increases, resulting in a higher proportion of aneuploid
embryos among aged patients [66, 67]. Numerous stud-
ies have reported that PGT-A can substantially improve

Page 14 of 18

clinical outcomes for these patients [68, 69]. Our results
also indicate that the diagnostic efficiency of TE-biopsy
is higher in aged patients undergoing PGT-A compared
to younger patients. This finding may elucidate the effec-
tiveness of PGT-A in aged populations.

Since TE-biopsy can cause trauma to the embryo,
raising concerns about long-term offspring safety, and
given that the diagnostic accuracy of TE-biopsy does not
achieve an AUC value above 0.9, it is essential to explore
less invasive and more accurate diagnostic methods.
Research has identified embryonic cfDNA in the blasto-
cyst cavity and culture medium as potential sources for
ploidy diagnosis [70]. Magli et al. reported that the accu-
racy of BF-based MiPGT, using TE-biopsy as a control,
was 97% [20]. However, it is important to note that this
study employed array comparative genomic hybridization
(aCGH) rather than next-generation sequencing (NGS),
which may not provide the same diagnostic accuracy as
TE-biopsy used as a control. To further assess the effec-
tiveness of BF-based MiPGT, this study used WB or ICM
as the gold standard for evaluating BF diagnostic accu-
racy. The results revealed that the AUC for BF was 0.656,
with a specificity of only 0.593, both significantly lower
than those of TE-biopsy. Additionally, research indicates
that BF’s diagnostic efficiency for embryo ploidy is mark-
edly inferior to that of SCM [21]. This lower accuracy
may be attributed to the influence of surrounding cells
within the blastocoel [35]. Studies have demonstrated
that biopsies of cells surrounding the blastocoel exhibit
a very low consistency rate with ICM results, which may
account for the reduced diagnostic accuracy of BF [35].

The results of the first study on ni-PGT in 2016 indi-
cated that ni-PGT achieved an accuracy of approximately
87% when TE-biopsy was used as the control [27]. In
2019, the same research team employed WB as the gold
standard and reported that ni-PGT accuracy improved
to 93.8%, surpassing the 82% accuracy of TE-biopsy
[49]. This high consistency underscores the potential
of current SCM-based ni-PGT for diagnosing embryo
ploidy. However, a multicenter prospective study using
TE-biopsy for 1,301 embryos as the control found that
SCM’s diagnostic consistency was only 78.2% [25]. Over-
all, accuracy results for SCM vary widely, ranging from
43.5 to 100%, depending on the control used, including
TE-biopsy, WB, and ICM [3, 23, 52]. This variability may
be attributed to differences in control standards. Using
TE-biopsy, which has limited diagnostic accuracy, as a
control may not accurately reflect SCM’s effectiveness.
This study, employing WB/ICM as the gold standard,
found that SCM’s diagnostic efficiency is comparable to
that of TE-biopsy, with SCM achieving an AUC of 0.869,
slightly lower than TE-biopsy’s 0.878. These findings
highlight SCM’s significant potential for clinical diagno-
sis of embryonic karyotype.
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It is important to note that eight of the nine stud-
ies included in the SCM analysis originated from cryo-
preservation cycles. This may be due to the fact that
freezing processes destroy granulosa cells attached to the
embryo’s surface and reduce maternal DNA contamina-
tion after multiple washes, thereby enhancing SCM’s
diagnostic efficiency in these cycles. Additionally, freez-
ing can also destroy some embryonic cells, resulting in
the release of more embryo-derived DNA, which further
improves SCM’s diagnostic capability. This observation
aligns with current research indicating a 95% success rate
for embryo cryopreservation, with the remaining 5% of
embryos failing to be implanted after freezing, highlight-
ing that cryopreservation does indeed cause some cel-
lular destruction. Furthermore, a rapid SCM diagnostic
method has been reported that can provide an embryo’s
karyotype test report within 9 h, demonstrating SCM’s
significant potential for diagnosing embryo karyotype
during freezing cycles [71]. Although numerous stud-
ies indicate no significant difference in clinical outcomes
between frozen-cycle and fresh-cycle embryo transfers,
the number of SCM-related studies using gold standards
as controls is limited [72—74]. Consequently, further sub-
group analysis across different populations is not feasible.
In the supplementary results, TE-biopsy was used as a
control to explore SCM’s effectiveness in different popu-
lations. The diagnostic efficiency of SCM was found to be
better in the PGT-SR population compared to the PGT-A
population. Although the specificity of SCM in the PGT-
SR group was lower than in the PGT-A group, this differ-
ence may be attributed to the fact that 2 of the 3 studies
in the PGT-SR subgroup were from fresh cycles and had
a larger sample size. Moreover, results using TE as a
control mirrored those obtained with the gold standard,
with frozen cycles showing superior results compared
to fresh cycles. Despite the supplementary analysis not
employing the gold standard, TE-biopsy, as a preferred
clinical method for diagnosing embryonic karyotype, was
used to reduce bias and ensure that overall result trends
remained consistent.

Our subgroup analysis utilized WB or ICM as the gold
standard. The results indicated that TE biopsy exhibited
higher diagnostic accuracy when WB was employed as
the gold standard. WB encompasses both trophoblast
cells and the inner cell mass, making TE biopsy results
more aligned with WB. Since TE biopsy samples are
exclusively derived from trophoblast cells, and given
that both trophoblast cells and the ICM exhibit inher-
ent heterogeneity, TE biopsy may not accurately reflect
the genetic status of the ICM. Interestingly, SCM showed
better diagnostic accuracy with ICM than with WB,
possibly because ICM releases more cfDNA into SCM.
However, it is important to note that the current study
demonstrated that, even in fresh cycles, regardless of the
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number of embryo washings performed, cfDNA from
SCM may contain DNA from maternal polar bodies,
granulosa cells, and paternal sperm. This contamination
complicates genetic status assessment and reduces the
accuracy of SCM [71]. While SCM’s accuracy improves
significantly after cryopreservation, secondary cryo-
preservation of embryos may affect clinical outcomes,
including pregnancy and miscarriage rates [75]. The
goal for SCM application should be to accurately deter-
mine the genetic status of embryos, whether from fresh
or frozen cycles. Future advancements in whole-genome
amplification technology may allow for more precise
amplification of cfDNA from ICM in SCM, potentially
enhancing the accuracy of embryo genetic diagnosis.

Future prospects

The results from existing studies and our own research
indicate that both TE-biopsy and SCM have certain
limitations and neither method can provide complete
diagnostic accuracy for the entire embryo. For patients
undergoing PGT, additional TE biopsies are performed
to mitigate risk; however, some missed diagnoses can
still occur, which, although rare, is unacceptable for
PGT patients. Our findings suggest that performing
multiple biopsies may further reduce the likelihood of
missed diagnoses and misdiagnoses. Specifically, the
diagnostic AUC value for multiple biopsies was 0.966,
with both sensitivity and specificity exceeding 0.9, which
significantly enhances the diagnostic effectiveness of
TE-biopsy. It is important to note that this subgroup
analysis included only two studies, and additional biop-
sies may raise concerns about long-term offspring safety.
Research indicates that for embryos with a TE grade of
A, biopsy more than 16 cells does not significantly affect
implantation rates. However, for embryos with TE grades
of B/C, biopsy more than 16 cells can markedly reduce
implantation rates. A recent study also found that per-
forming two biopsies was associated with significantly
lower clinical pregnancy rates and increased miscarriage
rates. Thus, while multiple biopsies can enhance diag-
nostic accuracy, their impact on clinical outcomes and
long-term offspring safety remains unclear. Future high-
quality clinical research is needed to address these issues.
To mitigate concerns about the safety and accuracy of
individual diagnostic methods, we combined TE-biopsy
with SCM in our subgroup analysis. This combined
approach improved upon the limitations of each sepa-
rate method, achieving an AUC value of 0.927 and sen-
sitivity of 0.921—nearly equivalent to the 0.924 achieved
with multiple biopsies. However, inconsistent diagnostic
results between embryos can pose challenges for clini-
cal decision-making. Based on the current evidence, no
effective measures have been identified to resolve dis-
crepancies in test results between the two methods. This
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limitation represents a significant constraint in our study.
We anticipate that future high-quality research will con-
tribute to the optimization of PGT’s clinical application,
offering clearer and more effective guidance for clinical
decision-making.

Therefore, combining TE-biopsy with SCM represents
a promising approach for enhancing diagnostic accu-
racy while addressing the limitations and safety concerns
associated with each method individually.

Conclusion and implications

This systematic review and diagnostic meta-analysis con-
firm that TE-biopsy remains the most accurate method
for diagnosing embryo ploidy, yet its diagnostic AUC
value is only 0.878, which falls short of clinical diagnos-
tic standards. This discrepancy can be attributed to dif-
ferences between PGT-A and PGT-SR populations: the
AUC for the PGT-A population is 0.806, while the PGT-
SR population shows a higher AUC of 0.957. Our study
indicates that the current diagnostic accuracy of TE-
biopsy, particularly in the PGT-A population, is limited
to a screening level. Additionally, our subgroup analy-
ses based on age and population type effectively outline
the current applications of PGT. We also assessed the
potential of ni-PGT through SCM across different cycle
sources and gold standards. Our findings suggest that
combining TE-biopsy with SCM may enhance diagnostic
accuracy, although more data are required to validate this
combined approach. Ultimately, our results clarify the
selection of embryo ploidy diagnostic methods and offer
insights for improving future diagnostic accuracy. These
advancements are essential for more precise genetic
assessment of embryos.
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