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Abstract: Research Question: Is maternal age only a gross predictor of chromosome abnormalities
in human embryos? Design: Here, we evaluated the less-studied variation in chromosome abnor-
mality rates in embryos of patients within the same age group. Patients undergoing IVF and PGD
for chromosomal abnormalities in ~127 different IVF clinics were included. PGT-A analysis was
performed by a single reference laboratory using array CGH or NGS. To get an estimate of the range
of abnormalities observed, the aCGH and NGS data were studied both independently and together.
Results: The overall results showed the typical increase in aneuploidy rates with advancing maternal
age (AMA) but extensive variability within each age group. Conclusions: Increasing aneuploidy
with maternal age has been demonstrated in live births, unborn fetuses, IVF embryos and oocytes. In
contrast, post-meiotic and other abnormalities that might lead to mosaicism, polyploidy and haploidy,
are commonplace (around 30%), regardless of maternal age. Here we conclude that age is only a
gross predictor of chromosome abnormalities in IVF embryos. In contrast to the existing standard of
offering PGT-A to AMA patients, the high rate and extreme variation of chromosomal abnormalities
in human embryos may warrant PGT-A for further IVF cycles even in younger age groups, especially
if a history of increased levels of aneuploidy is evident. Furthermore, better indicators are needed to
determine which patients are at a higher risk of producing increased levels of aneuploid embryos.

Keywords: PGT-A analysis; AMA (advancing maternal age); aneuploidy

1. Introduction

Aneuploidy, the most common form of chromosomal abnormality in humans is also the
leading genetic cause of spontaneous abortions and congenital birth defects [1,2]). Preimplan-
tation genetic testing (PGT) for aneuploidy PGT-A (formerly PGS—preimplantation genetic
screening) was first applied using fluorescent in situ hybridization (FISH) and cleavage-
stage biopsy [3,4]. Following technological developments, several CCS (comprehensive
chromosome screening) techniques [5–12]) and blastocyst biopsy [13,14]) replaced the older
methods [15].

Through the use of these technologies, many studies reported the same consistent
observations regarding chromosome abnormalities before implantation. First, meiotic-
origin aneuploidy increases with advancing maternal age and is the major cause of IVF
failure [16–20]. Second, most abnormalities are maternal in origin [21–24]).

Mosaicism (the presence of more than two or more cell lines with different chromo-
some constitutions) is detected in one third of cleavage-stage embryos and one fifth of
blastocysts [20,25–31]). This is almost certainly an underestimate however, due to the fact
that only a sample of cells are biopsied and, in the case of FISH studies, only a subset of
chromosomes is analyzed. Post-meiotic errors frequently lead to mosaicism and do not
increase with advancing maternal age; rather, increase is associated with poor morphol-
ogy [20,29]). It is important to realize that mosaicism was first described in human IVF
embryos in the early nineties [4,32–34]), but due to the inability of most CCS techniques
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to detect it accurately in blastocyst biopsies, mosaicism is consistently underreported (4%
mosaics detected by array CGH, or aCGH, compared to 21% following the advent of
next-generation sequencing (NGS)) [35–38]).

There are other types of chromosome abnormalities that are less well studied. For
example, the incidence of de-novo segmental abnormalities (or chromosome structural
abnormalities) are still under debate. Inherited segmental abnormalities are detectable
with high accuracy [39] but despite this, their clinical relevance is still poorly understood.

Another trend that has been poorly researched is the variability in chromosome
abnormality rates between different fertility centers [40–42]. Identifying the causes of these
differences could shed light into means of improving ART in general and using PGT-A as
quality control.

Other sources of variability in chromosome abnormalities are even less well studied.
For instance, it is evident that not all patients within the same age group produce the
same rate of chromosome abnormalities; but because embryo cohort sizes are small, with
a few exceptions [29,43]), this has been attributed mostly to sample size variation. Two
studies [43,44]) found a large variation within age groups when analyzing first meiotic
aneuploidy in oocytes. However, the first study detected only first meiotic aneuploidy by
FISH [43] while the second [44] had a small sample size. Similar results had been previously
found in embryos of egg donor cycles [19]. Both studies suggest that age might be only
a gross indicator of chromosome abnormalities and that there is a need to address the
great variation observed within the same age groups. This variability could be caused by
differences between individual genome markers, lifestyle of the individual and treatment
variations [44]. The purpose of this study was therefore to extend this work to assess the
variability of chromosome abnormalities in a large dataset of PGT-A procedures across
maternal ages using contemporary technologies.

2. Materials and Methods

This study targeted 14,289 women who underwent PGT-A at Reprogenetics Centers,
USA during the period from February 2012 to November 2015. The patients underwent
their IVF cycles at over 127 different IVF centers around the US. The complete age dis-
tribution of the analyzed dataset is shown in Figure 1. A total of 2175 patients utilized
egg donors. The study includes results for PGT-A performed using blastocyst biopsy only.
Embryos that underwent day 2–3 blastomere biopsy were excluded from the analysis.
Patients with unknown maternal age were excluded from analysis. We also excluded
patients who possibly had egg donors for whom the age was not available. Acknowledging
the shortcomings of pre-array technologies, this study has limited the cases analyzed to the
ones performed using array and NGS technologies. Cases that were analyzed using FISH
and single gene methods were not considered.

PGT-A analysis was performed using two methods, NGS and aCGH. NGS analysis
on samples was conducted using the VeriSeq protocol (Illumina, San Diego, CA, USA).
VeriSeq libraries were sequenced on the MiSeq (Illumina, San Diego, CA, USA) sequencer.
BlueFuse software (Illumina, San Diego, CA, USA) was utilized to analyze the sequencing
data. The sequencing protocol used for processing the sample was an in-house protocol.
This protocol has not been validated externally. The validation for this program has been
internal and the results thereof have not been published. NGS as a technique however,
has been validated on different platforms [7,45]). Array CGH analysis was performed
using the 24SureV3 (Illumina, San Diego, CA, USA) single channel method as described
previously [5,46]). This method is a single channel method that utilizes female and male
reference DNAs. Every sample is thus compared to two female and two male references.
Data were analyzed using the BlueFuse software (Illumina, San Diego, CA, USA).

This study was conducted as a retrospective study based on genetic information and
inpatient and outpatient charts. A global approach to analyze the entire dataset was initially
used to observe trends and distributions of data. The dataset was analyzed separately for
patients who had used egg donors and patients who had not used egg donors. Apart from



DNA 2021, 1 93

this approach, embryos from 7286 patients (excluding patients using egg donors) who
had embryo cohort sizes of 4 and more were analyzed separately (Figure 3). The patient
group analyzed with this limitation would be annotated as the limited cohort size (LCS)
group. Limiting of cohort size resulted in an attrition of patients; however, this analysis was
performed to attain a truer sense of variation observed in different age groups. Percentage
of euploid embryos available for transfer post PGT-A dependent on the age group the
patient belongs to was also calculated.

For aCGH, structural and numerical chromosomal abnormalities were unified under
one category (abnormal) and were analyzed as a single dataset. For NGS, embryos were
classified as “euploid” (no abnormality detected in the biopsy), “mosaic” (biopsy sample
contains one or two chromosomes in mosaic form, either as whole chromosome or partial
chromosome), or “abnormal” (all cells in biopsy had the same abnormality). Analysis was
performed on whole number values that were obtained by counting the number of normal
and abnormal diagnoses in every patient. For analysis, advanced maternal age (AMA) was
set at ≥35 years of age in women. Women of the maternal age 25 and under were grouped
together for analysis due to the lack of substantial sample size. Patients of maternal age up
to 45 were included in this study. In the LCS group, patient analysis was performed by
grouping women ≤35 years old (all young mothers) and women ≥44 years old.

All the patients were referred for PGT-A because of, but not limited to, the following
reasons. AMA was the most common factor for the referral of these patients. Apart from
AMA, spontaneous abortion and male factor were reasons for PGD/PGT-A treatment
found in patients. In the young mothers’ age group, apart from the physicians requesting
for PGD/PGT-A, male factor and spontaneous abortion were found to be the most common
reasons for patients seeking PGD/PGT-A.

In addition, R statistical software version 3.3.1 and Microsoft excel were used for
graphing purposes and statistical analysis.

Consent and IRB Approval

Patients included in this study had consented to PGT-A by aCGH or NGS. We consider
the study to be exempt from Institutional Review Board (IRB) approval. According to the
common rule 45 CFR 46.101(b) (4), exemptions include “research, involving the collection
or study of existing data, documents, records, pathologic specimens, if these sources are
publicly available or if the information is recorded by the investigator in such manner that
subjects cannot be identified, directly or through identifiers linked to subjects”.

A retrospective chart review was performed using a secure electronic medical record
of patients with embryos that underwent PGT-A (eIVF, from PracticeHwy.com, Irving, TX,
USA).

3. Results

We calculated the range of minimum and maximum values present in our dataset, as
observed in Table 1. Before calculating this range, data were first observed for aCGH (in
Table 1) and NGS groups. No substantial difference was observed between these groups.
Every age group in our dataset had at least one patient who had all the embryos in their
respective cohort either abnormal or normal. Therefore, a range of 0–100% can be observed
in Table 1. We also calculated the Inter Quartile Range (IQR) for each individual age
group. IQR is a measure of variability that we obtain by dividing the dataset into different
quartiles. The IQR ranges from ~29% to ~40% within the dataset. Observing the mean
and medians in the dataset also sheds light on the variation existing in the dataset. Most
patients had at least 30% abnormal embryos in their cohort. Almost 40% of the embryos
could be abnormal, irrespective of the age group based on our dataset.
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Table 1. Patients whose samples were analyzed using aCGH data. Median and mean are calculated for the percent
abnormality observed in the dataset per age group of patients. IQR is a measure of variability that is obtained by dividing
the dataset into different quartiles.

Age Min. (%) 1st Quartile Median Mean 3rd Quartile Max. (%) IQR n (Cycles)

Donor 0 16.67 30.77 32.64 46.15 100 29.48 1538
17–25 0 21.43 40 38.01 50 100 28.57 85

26 0 17.05 33.33 36.25 50 100 32.95 78
27 0 20 37.5 38.72 50 100 30 101
28 0 14.29 28.57 31.96 50 100 35.71 192
29 0 20 33.33 36.58 50 100 30 251
30 0 17.8 33.33 36.05 50 100 32.2 336
31 0 16.67 33.33 36.27 50 100 33.33 461
32 0 25 40 41.96 60 100 35 529
33 0 20 37.5 39.62 55.56 100 35.56 669
34 0 25 40 42.11 60 100 35 680
35 0 25 45.8 44.91 62.5 100 37.5 816
36 0 26.58 50 46.22 66.67 100 40.09 896
37 0 33.33 50 50.93 70.72 100 37.39 939
38 0 37.5 57.14 56.81 77.78 100 40.28 1043
39 0 40 62.5 59.96 83.33 100 43.33 1095
40 0 50 75 68.09 100 100 50 1044
41 0 57.14 80 74.01 100 100 42.86 938
42 0 66.67 93.33 78.14 100 100 33.33 811
43 0 75 100 84.75 100 100 25 613
44 0 80 100 87.29 100 100 20 358
45 0 75 100 83.5 100 100 25 182

Reviewing the data for individual outcomes of the normal versus abnormal diagnoses,
we observed variation that is present in the dataset. Based on Figure 1, wide ranges of
variation in chromosome abnormalities are evident, with most age groups having the
proportion that were euploid ranging between 0% and 100%. Even after excluding outliers,
wide ranges such as these help us highlight the variation observed. Even in younger
patients aged ≤35, the percentage of abnormal findings in individual patients fluctuated
between 0% and 100.

Interestingly in older patients, while the trend towards increased abnormality was
observed, we observed some patients with low abnormality rates. Some outliers in this
category show a 0% abnormality rate, i.e., all embryos from some women in this category
are euploid. Density plots for every individual age group (Figures 2 and 3) are also
representative of the variation observed within each group.
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Figure 1. Array CGH and NGS methods of analysis were used to perform PGT-A cases. (a) Array CGH data showing the 
variation of embryo abnormalities observed through all maternal ages in the study. Egg donors are grouped together. 
Ages 17–25 were also grouped due to lack of sample size. Maternal ages of up to 45 were included in this study. Wide 
ranges of abnormalities from 0–100 are observed throughout the dataset. (b) NGS data showing the variation of embryo 
abnormalities observed through all maternal ages in the study. Maternal ages of up to 45 were included in this study. The 
bottom bars in the graph (green) represent the percent normal group. The middle bars in the graph (pink) represent per-
cent mosaic group. The top bars in the graph (blue) represent percent abnormal group. 

Figure 1. Array CGH and NGS methods of analysis were used to perform PGT-A cases. (a) Array CGH data showing
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the variation of embryo abnormalities observed through all maternal ages in the study. Egg donors are grouped together.
Ages 17–25 were also grouped due to lack of sample size. Maternal ages of up to 45 were included in this study. Wide
ranges of abnormalities from 0–100 are observed throughout the dataset. (b) NGS data showing the variation of embryo
abnormalities observed through all maternal ages in the study. Maternal ages of up to 45 were included in this study. The
bottom bars in the graph (green) represent the percent normal group. The middle bars in the graph (pink) represent percent
mosaic group. The top bars in the graph (blue) represent percent abnormal group.
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observed throughout the LCS dataset. 

Figure 2. A total of 7286 women with a cohort size of at least four embryos or more (LCS) who underwent PGT-A are
represented in this graph. Variation of embryo abnormalities is observed through all maternal ages in the study. Ages
17–25 were also grouped due to lack of sample size. Maternal ages of up to 45 were included in this study. Wide ranges of
abnormalities from 0–100 are observed throughout the LCS dataset.

We also compared the variation in abnormalities on the basis of the technique used
to process and analyze the sample (Figure 1). As seen in Figure 1a, wide variation exists
throughout the dataset for the samples processed using aCGH. However, large scale
variation does exist for datasets with adequate sample size. Interestingly even AMA
groups of 38 years and 40 years have cases with percentage of normal embryos for each
case ranging between 0% normal to 100% abnormal.

A notable observation, however, is that almost 38% of the embryos from mothers
of age 35 and below are abnormal and cannot be transferred during IVF. The percentage
of normal embryos drops substantially as expected with increase in maternal age. The
percentage of normal embryos continues to decrease, with only 20% euploid embryos
observed in the age group 41–45.
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Figure 3. The LCS dataset is represented in this graph. Likelihood (percentages) of finding normal euploid embryos
depending on the age group the patient belongs to are represented in the above figure.

The LCS group was made up of 7286 cases. The defining factor for the LCS group
was the embryo cohort size per case (>4). This approach was performed to omit the small
embryo cohort patients that could behave as statistical confounders towards calculated
percentages. Despite omitting a major part of the original dataset, the LCS dataset exhibited
wide variation in the observed percentage of abnormalities in the cohorts. As observed in
Figure 2, saving for the age groups between 17 and 26, every age group had abnormality
values ranging between 0% and 100% in their cohorts. The amount of variation seen in
the LCS group is like the one observed in the complete dataset. This in turn reinforces the
validity of the observation of large variation in all age groups.

As observed in Figure 3, the possibility of having 75–100% normal embryos decreases
from 40% in the age group <35 years of age to 6% in the age group 38–40 years. Conversely,
patients <35 years of age have close to a 10% chance of having 75–100% abnormal embryos
compared to 68% for patients 38–40. Additionally, Table 2a,b and Table 3a,b shows the
likelihood that a patient would have euploid embryos at a certain age based on their cohort
sizes. aCGH and NGS cases show a similar pattern.
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Table 2. (a) Likelihood (percentages) of finding normal (euploid) diagnoses depending on the age group the patient belongs to and the cohort size of their individual embryos are
represented in this table. Embryos analyzed by aCGH (n = 78,528 embryos) are represented below. (b) Blue (high) to red (low) heat map shows the likelihood (percentages) of finding
euploid embryos within cohort sizes 1 to 3 and greater than 3 in aCGH patients.

a

Cohort Size EGD <30 30 31 32 33 34 35 36 37 38 39 40 41 42 >42
1 to 3 59.24% 59.42% 64.88% 64.58% 60.52% 58.58% 56.97% 50.45% 49.85% 48.00% 43.85% 38.91% 30.70% 25.45% 21.29% 13.33%
4 to 6 64.57% 61.47% 58.25% 59.12% 53.88% 58.15% 53.73% 53.81% 52.17% 46.88% 39.52% 38.93% 30.98% 26.25% 20.20% 15.08%
7 to 9 66.31% 62.56% 60.42% 61.04% 56.24% 56.96% 57.29% 53.50% 52.89% 45.77% 42.91% 38.33% 28.10% 22.90% 18.28% 12.71%

10 to 12 67.12% 63.94% 65.67% 63.62% 56.63% 60.13% 54.86% 59.37% 53.93% 49.62% 40.96% 38.67% 30.92% 22.42% 24.76% 20.39%
13 to 15 68.00% 63.01% 66.82% 65.30% 58.12% 60.10% 61.25% 52.92% 53.35% 56.00% 43.44% 41.56% 35.22% 29.78% 25.37% 24.44%

>16 67.26% 64.46% 66.33% 70.88% 60.25% 60.23% 61.29% 59.06% 57.41% 48.42% 44.68% 43.55% 38.71% 29.41% 17.91% 11.11%
Total 17,032 4662 2228 2873 3199 3993 3817 4523 4786 4785 5144 5109 4624 4036 3246 4471

b

Cohort Size EGD 21–31 32 33 34 35 36 37 38 39 40 41 42 43 44 45+
1 63.64% 60.00% 48.57% 57.14% 68.18% 45.71% 54.79% 53.75% 40.00% 43.48% 36.43% 28.69% 25.16% 15.52% 9.64% 15.48%
2 61.93% 63.30% 60.00% 64.66% 52.24% 50.51% 45.10% 46.85% 42.04% 36.25% 30.66% 25.15% 21.23% 13.54% 12.21% 13.04%
3 57.43% 62.33% 64.29% 55.00% 57.41% 50.91% 51.42% 46.96% 45.53% 39.53% 29.31% 24.84% 19.73% 13.57% 12.28% 14.29%

>3 66.53% 62.39% 56.05% 58.49% 56.11% 54.72% 53.11% 47.66% 41.33% 38.92% 30.74% 24.96% 20.17% 15.12% 15.29% 15.23%
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Table 3. (a) The overall likelihood (percentages) of finding normal (euploid) diagnoses depending on the age group the patient belongs to and the cohort size of their individual embryos are
represented in this table. Embryos analyzed by NGS (n = 30,533 embryos) are represented below. (b) Blue (high) to red (low) heat map shows the likelihood (percentages) of finding euploid diagnoses
within cohort sizes 1 to 3 and greater than 3 in NGS patients.

a

Cohort Size EGD <30 30 31 32 33 34 35 36 37 38 39 40 41 42 >42
1 to 3 58.59% 47.92% 40.54% 46.09% 48.28% 40.00% 43.69% 43.25% 42.86% 32.26% 30.03% 28.81% 25.00% 21.91% 12.28% 11.69%
4 to 6 53.72% 48.40% 52.03% 54.10% 49.75% 42.63% 44.20% 45.83% 38.46% 32.77% 35.53% 30.54% 23.46% 17.09% 14.38% 12.64%
7 to 9 57.09% 47.45% 53.69% 49.75% 43.60% 45.53% 42.09% 43.81% 39.36% 37.76% 36.48% 27.29% 24.74% 19.48% 12.72% 11.48%

10 to 12 60.42% 52.38% 49.48% 43.75% 42.46% 44.95% 38.67% 45.56% 40.52% 37.50% 34.97% 25.91% 26.58% 15.79% 6.58% 13.79%
13 to 15 64.11% 52.98% 34.29% 61.87% 32.80% 37.76% 36.14% 46.94% 49.70% 25.77% 26.61% 24.03% 19.20% 13.89% 7.94% 9.41%

>16 62.84% 59.26% 33.33% 43.40% 39.56% 47.78% 44.25% 30.36% 41.03% 36.72% 23.97% 24.09% 17.56% 20.29% 8.33% 7.27%
Total 6090 1822 862 1270 1615 1436 1680 1959 1913 1898 1964 2026 1893 1570 1149 1386

b

Cohort Size EGD 21–31 32 33 34 35 36 37 38 39 40 41 42 43 44 45+
1 40.91% 38.19% 53.33% 37.50% 31.58% 33.33% 36.11% 33.33% 21.95% 28.57% 17.74% 19.05% 15.52% 11.11% 8.82% 11.11%
2 50.00% 41.35% 56.52% 28.85% 40.22% 37.93% 38.30% 32.00% 24.60% 36.96% 25.27% 26.71% 13.11% 6.67% 12.00% 6.90%
3 60.45% 46.24% 39.58% 40.15% 46.94% 46.30% 41.83% 27.32% 32.28% 20.29% 23.50% 17.95% 11.90% 13.33% 12.00% 5.88%

>3 59.98% 50.81% 43.96% 44.36% 42.22% 44.80% 40.31% 35.96% 33.68% 28.35% 22.74% 17.56% 11.20% 10.68% 12.62% 12.10%
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4. Discussion

Embryos that are predominantly aneuploid usually do not implant and, if so, they
usually miscarry. Therefore, PGT-A is a tool to screen a cohort of embryos to transfer
those that are predominantly euploid with the purpose to achieving a faster and less
traumatic route to a viable pregnancy. The alternative is to transfer embryos blindly,
which may result in longer time to pregnancy, higher miscarriage rates and higher dropout
rates [47]. Several randomized-controlled trials have shown PGT-A to be effective in good
prognosis patients [48–51]); however, the field remains controversial as not all these trials
have escaped criticism because of sample size and intent-to-treat criteria. The monetary
cost effectiveness of PGT-A has been debated, and, it is argued, may be beneficial when
considering neonatal care when replacing a single euploid embryo, compared to replacing
two untested ones [48].

Traditionally, PGT-A has been a standard treatment for AMA patients and patients
with a medical history including diagnoses of recurrent pregnancy loss or male factor
infertility, but the most commonly used criteria are a combination of maternal age and
cohort size. That is, if a patient has enough embryos for PGT-A to be selective and the
patient is above a certain age, PGT-A is more likely to be used than in patients that are
very young or patients with very few eggs. This aligns with the work of Ata et al. [16]
showing a progressive chance of finding euploid embryos with increasing maternal age and
decreasing cohort size. However, most studies focusing on the decline of implantation rates
with advanced maternal age have focused on variable averages per age group. However,
this masks the great variability within patients of the same age group. We have found
that irrespective of age, some patients may have very high or very low rates of embryo
chromosome abnormalities, warranting application of PGT-A, irrespective of maternal age.

The current study evaluated the data using multiple strategies. Patient data were
analyzed with varying restrictions like limiting cohort size, selection of technique used
to process the samples, selection of doctors and choosing for patient with and without
egg donors. A global approach was also used, and patient data were analyzed without
using any restrictions. As expected, we observed that there was a substantial increase
in chromosomal abnormalities in AMA patients. This confirms prior trends as observed
in several other studies. However, the study adds a new dimension by observing high
rates (up to 45%) of variability in the embryos possessing chromosomal abnormalities in
patients, especially younger patients, who are currently not being offered PGT-A routinely.
Some prior studies observed high rates of chromosomal abnormalities in embryos from
younger patients [19]. However, these studies used older techniques like FISH, while all
the PGT-A cycles in this study were performed using aCGH and NGS. Utilizing the data
derived from cycles that underwent aCGH and NGS only make the dataset more robust
and relatively impervious to misdiagnosis.

While maternal age is unarguably the primary risk factor, the high rate and extreme
variation of chromosome abnormalities in human embryos could possibly be explained
by a compounded effect of multiple factors. For example, one such factor includes clini-
cal measurements. As observed by Katz-Jaffe et al., 2013, patients with abnormal serum
ovarian reserve parameters; patients with abnormally high follicular stimulating hormone
(FSH) levels & low anti-Müllerian hormone levels had an increased likelihood of gener-
ating aneuploid blastocysts independent of patient age [52]. This means that younger
patients with either of these markers could possibly have high aneuploidy observed in
their embryos.

A second factor that affects variation between patients may be attributed to genetic
markers. It has been hypothesized that disruption of the meiotic machinery that coordinates
chromosome segregation may result in aneuploidy (Hassold, Hall and Hunt, 2007). For
example, SYCP3, a gene that forms a part of the synaptonemal complex joins homologous
chromosomes during meiosis I. Genetic variants in SYCP3 have been shown to affect
sperm production in azoospermic males and to result in recurrent pregnancy loss in
females [53]. However, the genetic factors affecting aneuploidy in humans are not well
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studied, as there is not yet a sufficient in vitro model since meiosis I occurs prior to birth in
females. Several studies using mouse model systems have shown that deletion of several
meiotic genes lead to infertility as a result of aneuploidy embryos, demonstrating the
importance of meiotic machinery in fertility and pregnancy [54–59]). Further research into
genetic variation affecting aneuploidy in women, especially cohorts of young maternal age,
should be conducted to gain a better understanding of how disruption of meiosis affects
fertility potential.

In addition to maternal age, hormonal levels (FSH, AMH) and gene markers, a fourth
source of aneuploidy rate variation between patients and clinics is iatrogenic and caused by
the ART procedure itself. We have shown that there is great variability in aneuploidy rates
between clinics when treating egg donors, a group of patients that should be relatively
homogeneous [60]. The fact that we analyzed data from over 100 centers implies that
some of that variation between patients is center related. This study was performed on
blastocyst trophectoderm biopsies in human blastocysts. Biopsies of trophectoderm are
not a true representation of aneuploid cells within the fetal lineage ICM. Hence, it would
be illuminating if we are able to use a technique such as Hyperspectral autofluorescence
microscopy that enables discrimination between euploid and aneuploid ICM in mouse
embryos [61].

If judiciously applied, PGT-A could be a tool to eliminate the uncertainty that has
been a built-in feature of the IVF procedure, especially in young and egg donor patients
showing these markers. Integrating information such as age, clinical markers and genomic
markers may provide an improved prediction of the risk of aneuploidy, and thus, a more
precise method of providing guidance on when PGT-A may be most useful in patients
pursuing IVF.

To date however, PGT-A has been shown to be effective mostly in patients of advanced
maternal age, its efficacy in younger patients remains to be determined. It is important to
note that PGT-A inherently involves the sampling of ~five cells from around a ~200 cell
blastocyst. Moreover, although TE biopsy has been shown to predict the karyotype of the
rest of the embryo reasonably well [62], a small sample such as this can only ever by a
reasonable proxy for the level of mosaicism, if present. The trophectoderm (from which
the biopsy is taken) gives rise to the placenta, which has been shown to be chromosomally
mosaic with quite high frequency [63]. Awareness of the limitations of PGT-A is therefore
crucial, as is determining the origin of any chromosomal errors (meiotic vs. post zygotic).
Most importantly, if PGT-A is to be applied to younger patients, then we need to go beyond
the observations of this study (that simply observed the variability) to predicting with a
reasonable level of accuracy which patients are prone to higher levels, and this is most
likely to benefit from PGT-A.

PGT-A is considered invasive due to the embryo biopsy involved during the procedure.
Until non-invasive methods are proven to be effective, biopsies are essential and central
to the performance of PGT-A. It is therefore important to observe whether embryo biopsy
might cause post-natal growth restriction. A 2009 singleton children study observed at
age 2 years born after embryo biopsy applied in PGT-A presented no difference compared
with Intracytoplasmic sperm injection (ICSI) and natural cycle children. However, based
on existing findings, there were no detrimental effects observed in these children [64]. A
broader study including a much larger sample size would be more indicative and could
validate using PGT-A in more IVF cycles, irrespective of maternal age. One possible
conclusion from our analysis is that PGT-A could be offered to infertile women of all ages
since the predictive value of the technique far outweighs the possible risk of any negative
impact of the PGT-A process. At the very least, younger patients consistently demonstrating
high levels of aneuploidy should be considered as a referral category for PGT-A.
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