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Abstract

The diagnosis of chromosomal mosaicism in the preimplantation and prenatal stage is fraught with 

uncertainty and multiple factors need to be considered in order to gauge the likely impact. The 

clinical effects of chromosomal mosaicism are directly linked to the type of the imbalance (size, 

gene content and copy number), the timing of the initial event leading to mosaicism during 

embryogenesis/fetal development, the distribution of the abnormal cells throughout the various 

tissues within the body as well as the ratio of normal/abnormal cells within each of those tissues. 

Additional factors such as assay noise and culture artifacts also have an impact on the significance 

and management of mosaic cases. Genetic counseling is an important part of educating patients 

about the likelihood of having a liveborn with a chromosome abnormality and these risks differ 

according to the time of ascertainment and the tissue where the mosaic cells were initially 

discovered. Each situation needs to be assessed on a case-by-case basis and counseled accordingly. 

This review will discuss the clinical impact of finding mosaicism through: embryo biopsy, 

chorionic villus sampling (CVS), amniocentesis, and non-invasive prenatal testing (NIPT) using 

cell free DNA (cfDNA).

INTRODUCTION

The development of an embryo into a fully formed, healthy baby is a highly complex and 

regulated process that requires precise temporal transcription and translation of our genetic 

code. Chromosomal aneuploidy brings with it major changes in gene dosage which typically 

has a catastrophic effect on this fine-tuned process. Indeed, the primary effect of aneuploidy 
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is embryonic and/or fetal lethality.1–8 The greater the number of protein coding genes 

involved, the higher the chance the pregnancy will miscarry.1

With few exceptions, every somatic cell in the human body should have the same 

chromosome number and structure. This concept is based on the supposition that mitotic 

division errors are rare. In reality, early cell divisions are error-prone and chromosomal 

mosaicism is the consequence. The clinical effects of chromosomal mosaicism are directly 

linked to the size of the gene imbalance, the timing of the initial event, and, most likely, the 

distribution of the abnormal cells in tissues. A chromosome segregation error that creates a 

normal cell line in an embryo carrying a meiotic error can be viewed as a mechanism that 

can attenuate the lethality of a chromosomal aneuploidy through a shift of the gene dosage 

back towards normal. Conversely, the earlier an abnormal cell line arises in a chromosomally 

normal conception, the greater the proportion of the abnormal cells. An error occurring 

within the first few cell divisions is likely to be expressed as abnormal cells in extra-

embryonic tissues as well as the inner cell mass.

Genetic counseling is strongly recommended for patients who find themselves dealing with 

a preimplantation/prenatal diagnosis involving chromosomal mosaicism. Each situation 

needs to be assessed on a case-by-case basis and counseled accordingly. Patients should 

understand the risk for a liveborn with a mosaic chromosome abnormality.

This review will briefly present the mechanism by which mosaicism arises. We will then 

discuss the incidence and significance of finding mosaicism through: [1] embryo biopsy, [2] 

chorionic villus sampling (CVS), [3] amniocentesis and [4] non-invasive prenatal testing 

(NIPT) using cell free DNA (cfDNA). Clinical impact will mainly focus on reproductive and 

prenatal diagnostic issues; the role of post-zygotic chromosome segregation in cancer and 

other post-natal diseases will not be discussed in detail.

MECHANISMS LEADING TO CHROMOSOMAL MOSAICISM

Mosaic aneuploidies are generated by two principal mechanisms: post-zygotic mitotic 

chromosome segregation errors (Figures 1b–d) and post-zygotic mitotic trisomy/monosomy 

rescue of a pre-existing aneuploidy of meiotic origin (Figure 2).

Several mechanisms have been proposed to cause errors in chromosome segregation in the 

embryonic divisions. Anaphase lag refers to chromosomes that remain at the mid-pole after 

the vast majority of sister chromatids for the other chromosomes have segregated (Fig 1b). 

This phenomenon generally affects one or only a few chromosomes and can arise due to 

sister chromatids being under-replicated, entangled or attached to microtubules emanating 

from both spindle poles. Anaphase lag is associated with elevated segregation error and non-

reciprocal forms of aneuploidy (i.e., chromosome loss without corresponding chromosome 

gain). In some cases, chromosomes may also fail to be captured by the spindle, a 

phenomenon demonstrated by live cell imaging of human zygotes (Fig 1c).4

During the zygotic division the two parental genomes are captured on a single spindle, a 

process that is highly error-prone. Abnormal tripolar spindles also occur in preimplantation 

embryos resulting in massive chromosome loss (‘chaotic’ mosaicism; Fig. 1d).2 Their 
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formation may in part be influenced by a common genetic variant in or near the centrosomal 

regulator PLK4 that, when maternally transmitted, may predispose to tripolar spindle 

formation.6 The maternal transmission is important because mRNAs and proteins from the 

egg drive the initial embryonic divisions until embryonic genome activation. 

Endoduplication, where chromosomes are re-replicated without an intervening cellular 

division, failed cytokinesis, and overduplication of centrosomes have been linked to the 

formation of tetraploid cells (Fig 1e).8 In some cases after failed cytokinesis, this may give 

rise to binucleate cells.3 Tetraploidy is observed in human conceptuses, however it also 

induces chromosomal instability, aneuploidy, and tumorogenesis in mouse embryos.9,10 

Other mechanisms including those associated with embryonic arrest have been reviewed by 

Daughtry and colleagues.11

In some cases, a combination of two chromosome segregation errors leads to two copies of a 

chromosome being inherited from a single parent, a phenomenon called uniparental disomy 

(UPD). A review of mechanisms for UPD can be found elsewhere in this Special Issue.12 

Similar to consanguinity, uniparental isodisomy (two identical [i.e., two homozygous 

chromosomes as depicted in Figure 2) leads to an increased risk for autosomal recessive 

diseases in genes in the homozygous region. UPD can also cause aberrant expression levels 

of genes that are imprinted (only expressed from one parent’s chromosome and silenced on 

the other). Certain chromosomes contain imprinted regions (chromosomes 6, 7, 11, 14, 15, 

20) and UPD for these chromosomes can result in clinical abnormalities.13

MOSAICISM IN HUMAN PREIMPLANTATION EMBRYOS

Incidence

Mosaicism is estimated to affect up to 70% of human preimplantation embryos.14 By the 

blastocyst stage, an estimated 2% to 50% of embryo biopsies are reported to be mosaic,15–23 

with the wide range reflecting a combination of biological mechanisms (true mosaicism)24 

together with technological artifacts that stem from differences in assessing mosaicism from 

a single trophectoderm biopsy of 3–7 cells.25,26 Dissociation of blastocyst embryos show 

concordance of inner cell mass and trophectoderm biopsies in 95–98% of embryos,17,27–30 

suggesting that by the blastocyst stage, high-level mosaicism confined to one of these two 

respective lineages is relatively rare (2–5%; Figure 1a).

Clinical Significance

The report in 2015 by Greco and colleagues that transfer of some mosaic aneuploid embryos 

can lead to the birth of apparently healthy babies, has sparked an ongoing debate regarding 

the appropriate management and clinical significance of mosaicism identified in human 

preimplantation embryos.16 The exact factors that govern which mosaic embryos will lead to 

normal outcomes are yet to be determined. It is clear that transfer of a mosaic embryo 

significantly reduces the clinical pregnancy rate as well as the ongoing/live birth rate while 

considerably increasing the chance of miscarriage compared to the transfer of apparently 

euploid embryos only.15,18,19,21–23,31–33 The most recent prospective study by Zhang and 

coworkers showed a live birth rate of 27.1% in the mosaic embryo group compared to 47.0% 

in the euploid group (p < 0.001).33
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The level of mosaicism identified in trophectoderm biopsies has been a key focus with some 

studies showing better clinical outcomes in embryos transferred with mosaic aneuploidy 

proportions <50% compared to those with a higher proportion of abnormal cells (>50%).19 

However, this finding is not uniformly supported by all studies. Kushnir et al. found no 

significant differences in ongoing pregnancy or miscarriage rates among mosaic embryo 

transfers at any threshold of aneuploidy.34 While Zhang and colleagues did not specifically 

look at outcome difference in mosaic embryos above and below 50%, they did find that 

pregnancy outcomes were globally decreased in the <50% abnormal cell embryo group 

compared with euploid embryos.33 In addition, they found no significant difference in 

outcome when comparing embryos with <40% aneuploidy to embryos with <50% 

aneuploidy, further supporting the notion that that the degree of trophectoderm mosaicism is 

a poor predictor of ongoing pregnancy and miscarriage.33 One major concern with mosaic 

embryo transfer studies is that the group receiving the putative mosaic embryos is enriched 

for patients where previous transfer with euploid embryos failed to implant. The first 

prospective non-selection RCT has now reported that there are no differences in pregnancy 

and live birth outcomes from transfer of putative mosaic embryos up to 50% compared to 

euploid embryos.35

There are multiple factors that can affect the detection of mosaicism in preimplantation 

embryos. A prime consideration is the extent to which a random sampling of five to ten cells 

accurately reflects the genomic picture in the remainder of the embryo. Random sampling 

may indicate the level of mosaicism within a specific biopsy but mathematical models 

indicate that the level will not necessarily be an accurate representation of the entire 

trophectoderm and/or embryo.36 It is also important to understand that when using 

preimplantation genetic testing for aneuploidy (PGT-A) methods such as next generation 

sequencing (NGS), a mosaic diagnosis is based on detection of an intermediate copy 

number, i.e. between 1 and 2 (mosaic monosomy) or between 2 and 3 (mosaic trisomy), with 

2 representing the normal situation. While intermediate copy number can indeed be caused 

by mosaicism, other factors such as assay noise/artifact, amplification bias, contamination, 

mitotic state, variation in embryo biopsy technique, embryology laboratory conditions, and 

laboratory thresholds set for calling mosaicism can all impact the assessed copy number.
25,26,37 Marin et al performed a meta-analysis of blastocyst reanalysis and found that the 

concordance with the original mosaic result was only 42.6%.26 It therefore seems clear that 

a simple assessment of the mosaic level in a trophectoderm biopsy does not provide a 

reliable predictor of the reproductive potential of a mosaic embryo.

The introduction of NGS technologies into PGT-A has led to a greater number of partial 

chromosomal aneuploidies (segmental aneuploidies (SA)) being reported. The significance 

of finding a SA is challenging even when encountered in routine prenatal and postnatal 

specimens. Mosaic SAs in preimplantation embryos brings further complexity in assessing 

clinical significance. Conflicting outcomes have been reported in patients who elected to 

transfer mosaic SAs embryos with reduced implantation rates being observed in some 

studies15 while other studies indicated no measurable difference.23 Embryos with mosaic 

SA’s appear to have lower miscarriage rates compared to mosaic embryos with whole 

chromosome aneuploidies.23,33 In some instances, embryos diagnosed with mosaic SAs 

displayed whole chromosome aneuploidy in other sections of the embryo.38 A mosaic SA 
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can also be attributed to assay noise or a temporal artifact caused by asynchrony of DNA 

replication.39 With data on the clinical predictive value of mosaic SAs severely lacking, the 

debate on whether to report them and how to manage them if reported will continue.

For patients with no euploid embryos, the transfer of mosaic embryos may be the only 

possible pathway to achieving a pregnancy. Choosing this pathway is reasonable only when 

patients are appropriately informed of the potential outcomes. For mosaic embryos, the 

likelihood of viability depends on the specific chromosome/s involved and the proportion 

and distribution of the normal and abnormal cells. Based on these principles, various 

prioritization models have been proposed to guide patients and clinicians dealing with 

mosaic embryos diagnosed by PGT-A.40,41 Grati et al., based their prioritization model on 

the incidence of mosaic aneuploidies in CVS samples, the follow-up results of 

amniocentesis (including UPD), the frequency of mosaic aneuploidies in products of 

conception, and the likelihood that a given aneuploidy would be observed in a liveborn.41 

The higher the score for a given chromosome abnormality, the lower the priority for transfer. 

The efficacy of prioritization tools remains to be determined. There will be variability in 

outcomes associated with the transfer of mosaic embryos and therefore careful genetic 

counseling is needed for patients in this situation. Prenatal diagnosis laboratories must be 

informed of any prior mosaic PGT-A results so that additional karyotyping and/or FISH 

studies can be performed, as appropriate.

MOSAICISM IDENTIFIED THROUGH CHORIONIC VILLUS SAMPLES

Chorionic villi (CV) are comprised of two placental layers; the external cytotrophoblast and 

the internal mesenchymal core. The mesenchyme is considered to be developmentally more 

closely related to the fetus.42 Cytogenetic analysis of CV can be achieved either by direct 

preparation (DP) which reflects the rapidly dividing cytotrophoblasts and/or long-term 

culture (LTC) of the mesenchyme. Most laboratories in the USA analyze only LTC while 

European laboratories often analyze both DP and LTC. For cases with evidence for 

mosaicism, recommended practice is to perform amniocentesis and the detection of the 

abnormality in amniotic fluid cells is considered to be an indication of true fetal mosaicism 

(TFM) and those not confirmed are considered to be confined placental mosaicism (CPM). 

Cytogenetic analysis of both layers has provided insights into the incidence and distribution 

of chromosomal mosaicism in the placenta and fetus.43

Incidence

The presence of chromosomal mosaicism is observed in approximately 1–2% of CV 

samples in the general prenatal population and usually involves a disomy-trisomy mosaicism 

due to both meiotic or mitotic errors.43–48 Approximately 87% of the abnormal cell lines in 

CVS are confined to the placenta with the remaining 13% determined to be true fetal 

mosaicism. Figures 3 and 4 summarize observed rates for the different types of mosaicism in 

CVS based on 57,539 CVS analyzed by the TOMA laboratory.49
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Clinical significance

Figures 3 and 4 demonstrate that the lineage(s) in which an abnormality is detected is an 

important consideration when assessing the likelihood that the abnormality will be 

confirmed through amniocentesis. It is emphasized that most mosaicisms detected through 

CVS are not confirmed at amniocentesis.

In addition to the type of mosaicism observed at CVS, other factors influence the likelihood 

of confirming TFM on amniocytes. The mechanism of formation of the mosaic aneuploidy 

(mitotic or meiotic) is important. Meiotic abnormalities are maternal age dependent and at 

the highest risk for fetal abnormalities and UPD. Mosaicism present in both the 

cytotrophoblast and mesenchyme are mainly meiotic in origin and the absence of any 

normal cells in a layer also increases the chance that the abnormality is meiotic in origin.
50,51 In addition to the common trisomies (13, 18, 21), mosaic trisomies with an increased 

rate of meiotic origin include those involving chromosomes 9, 15, 16 and 22.50 Conversely, 

mosaicism involving trisomies 2 and 7 are frequently detected in CVS but almost never 

confirmed as TFM and are rarely associated with UPD implying a mostly mitotic origin.
43,52–55 Mosaic trisomies of chromosomes 4, 8, 9, 12, 14, 15, 16 and 20 show a variable 

likelihood of being TFM. All other mosaic aneuploidies have a very low chance of being 

TFM.43,53,56

Figure 5 shows the overall likelihood of confirming TFM for a select group of 

chromosomes. It should be noted that even with a normal result with high amniocyte cell 

counts, hidden mosaicism cannot be excluded. The presence of ultrasound anomalies is 

often an indicator of TFM. However, the absence of fetal abnormalities, while somewhat 

reassuring, does not completely eliminate the chance of TFM or later clinical consequences. 

There is never any possibility of absolute assurance that a mosaicism detected through CVS 

will be inconsequential.

Chromosomes known to be viable in the trisomic state (e.g., trisomy 21) are more 

worrisome when detected as mosaic at the time of CVS. If the trisomy detected at CVS 

involves a chromosome that is usually considered to be incompatible with life, such as 

trisomy 10, the abnormality is more likely to represent confined placental mosaicism. 

Recommended follow-up studies include amniocentesis as well as high resolution ultrasound 

to assess the fetal morphology. When amniocentesis is done as a follow-up to a mosaic CVS, 

the laboratory should be made aware of the results of the CVS as increased cell counts and 

appropriate FISH studies could be performed to rule out mosaicism in the amniocentesis 

sample with a higher degree of confidence compared with routine cytogenetic studies. FISH 

studies using probes specific for the chromosome of interest offer the benefit of directly and 

rapidly assessing a larger number of uncultured cells, concomitantly eliminating artifacts 

caused by cell culturing. Chromosomal microarray analysis (CMA) may also be useful for 

detecting mosaicism in uncultured cells but may fail to detect mosaicism less than 20%.57 A 

particularly challenging aspect of counseling patients is conveying the message that TFM 

can never be ruled out with 100% certainly as cryptic mosaicism can still exist in other 

tissues even if apparently absent in amniocytes.
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The possibility that mosaicism that is confined to the placenta might be associated with 

pregnancy complications has been a long-standing controversy. The most recent data 

indicates that, except for trisomy 16, for all other CPMs involving a rare autosomal trisomy 

(RAT, defined as an autosomal trisomy not involving chromosome 13, 18, or 21), 

birthweight, NICU admission rates, hypertensive disorder frequencies, and spontaneous pre-

term birth rates, and apgar scores, are not significantly different from control pregnancies 

without CPM.58 Notable exception are the small proportion of cases where the abnormality 

is present in both the cytrophoblast and mesenchymal layers. These cases are associated with 

low birthweight.59,60 CPM for trisomy 16 prompts special clinical management. In addition 

to fetal malformations and intrauterine demise, CPM for trisomy 16 carries a risk for fetal 

intrauterine growth restriction (IUGR), preeclampsia, and preterm birth.61–63 A diagnosis of 

trisomy 16 mosaicism therefore requires follow-up monitoring for hypertensive disorders 

and fetal growth restriction. Placental dysfunction and insufficiency are thought to be key 

factors contributing to both maternal preeclampsia and IUGR.64–66 A 2018 Danish cohort 

study indicated a higher risk of adverse pregnancy outcome in trisomy 16 CPM cases 

referred initially for CVS because of notably low PAPP-A levels compared to patients 

referred initially for CVS for advanced maternal age.62 This dataset highlights the potential 

differences in outcome according to indication and may explain some of the variance 

reported in the literature. It is important to note that favorable pregnancy outcomes are 

observed in a significant proportion of patients. In the Danish study, 32% of trisomy 16 

CPM cases included children born at term with normal birthweight and no malformations.62 

Sparks and colleagues reported on a similar sized cohort that included both trisomy 16 CPM 

cases as well as trisomy 16 TFM cases.63 While there was a significantly higher incidence of 

congenital anomalies, particularly musculoskeletal, in trisomy 16 TFM patients versus those 

with CPM, the majority of children (TFM + CPM) demonstrated normal 

neurodevelopmental outcomes and high health-related quality of life scores.63 True fetal 

mosaic trisomy 16 is associated with a highly variable phenotype with the full spectrum of 

anomalies including: IUGR, asymmetric craniofacial and body findings, hearing loss, 

hypospadias, scoliosis, abnormal pigmentation of skin, pre-term delivery, maternal 

hypertension, two vessel cord, clinodactyly, pulmonary hypoplasia, and congenital heart 

defect.67,68 The degree of severity is likely related to the ratio of trisomic to disomic cells in 

the various organ systems.

MOSAICISM IDENTIFIED THROUGH AMNIOTIC FLUID SAMPLES

Amniotic fluid cells derive from various fetal anatomical organs such as urogenital tract, 

respiratory apparatus, and epithelial system.69–71 Samples can also contain maternal tissue 

fragments, maternal blood and placental or membrane cells. Laboratory methods include 

LTC for karyotyping and either DC or LTC for fluorescence in situ hybridization (FISH), 

chromosome microarray and other cytogenomic technologies. For routine karyotyping, an 

abnormality can sometimes be confined to a single cell or culture and these are generally 

dismissed as cell culture or chromosome preparation artifacts or otherwise insignificant 

(“pseudomaicism”). Specific protocols exist for the work-up of cases to help distinguish 

these from true mosaicism.72 The diagnosis of true mosaicism is based on the detection of 

the same abnormality in two or more independent cell cultures.

Levy et al. Page 7

Prenat Diagn. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Incidence

Based on amniocenteses performed mostly because of advanced maternal age, 

approximately 0.2% of cases show true mosaicism, 0.76% show a multiple cell 

pseudomosaicism and 3.73% show a single cell pseudomosaicism.72 True mosaicism 

generally involves a sex chromosome abnormality or either trisomy 21, 18 or 13.

Clinical significance

Although the results from cytogenetic analysis of amniotic fluid cells is considered to be 

fully diagnostic for the fetal karyotype, it is important to recognize that mosaic findings are 

often not confirmed in follow-up studies on the baby or abortus.72 This may reflect tissue-

specific differences in cell distributions or limitations in the testing. In addition, the 

likelihood of confirmation is also influenced by which chromosome is involved. Certain 

chromosomes are more likely to be confirmed (Sex chromosomes and trisomy 21) while 

others (chromosomes 2 and 7) are almost never seen on follow-up amniocentesis (Figure 5).
43,52–55 For cases where mosaicism is diagnosed in amniotic fluid cells, the relative 

proportion of abnormal cells in amniotic fluid is poorly correlated with that in fetal tissues. 

Moreover, a low level of mosaicism may not express itself as an obvious abnormality in the 

baby or fetus. One of the most clear-cut examples of this occurs with loss of a sex 

chromosome where only a low proportion of mosaic cases show an abnormal phenotype. For 

RATs, much of the available data on outcomes and confirmation are based on case report 

compilations that are subject to publication biases.

TFM diagnosed by amniocentesis does not necessarily guarantee a poor outcome as the 

resulting phenotype would depend on the level of abnormal cells and its distribution in 

critical tissues such as brain, heart, etc. In a 2018 study of 17 consecutive prenatal trisomy 8 

mosaicism cases, an overall positive prognosis was observed for TFM cases with low-level 

mosaicism in amniotic fluid when no congenital anomalies were apparent by ultrasound 

inspection.73 In reality, unless ultrasound anomalies are already evident in the fetus, precise 

predictions about the prognosis in individual cases are not possible. Genetic counseling by 

appropriately trained geneticists or healthcare providers for patients diagnosed with 

CPM/TFM at the time of amniocentesis it is crucial to help them understand the 

complexities of the various possible outcomes and steer them to support group resources 

such as UNIQUE (www.rarechromo.org).

RELEVANCE OF MOSAICISM TO NON-INVASIVE PRENATAL TESTING 

USING CELL-FREE DNA

Cell-free DNA (cfDNA) testing is based on quantification of the cell-free DNA fragments 

circulating in the maternal plasma which derive from both the mother and the apoptotic 

trophoblasts.74–76 Therefore, results from non-invasive prenatal testing (NIPT) using cfDNA 

essentially reflect the genetic constitution of the cytotrophoblast and not the fetus itself. 

NIPT tests are not designed to detect mosaicism although it is sometimes apparent when the 

laboratory assessment of presence or absence of abnormality appears to be intermediate and 

incompatible with the level of fetal DNA in the sample.77 Mosaicism can also be strongly 

suspected based on NIPT results that would be incompatible with viability, for example, for 

Levy et al. Page 8

Prenat Diagn. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.rarechromo.org/


an autosomal monosomy or a RAT. Mosaicism cannot be expected to be detected when there 

is only a small, or non-existent, change in the overall proportion of fetal DNA fragments (for 

example, 45,X/47,XXX).

Incidence

There are currently no estimates for the expected proportion of mosaic cases that might be 

detectable by NIPT. However, there is information on cases where a RAT is detected by 

genome-wide NIPT in a viable pregnancy and the most likely explanation is mosaicism. The 

reported incidence of RATs varies considerably from as low as 1:83578 to as high as 

approximately 1:91.79 Apart from study design differences, the variance appears related to 

the reason for testing which reflects either a high or low a priori risk.79 The recent 

TRIDENT-2 NIPT study from the Netherlands showed a RAT incidence of 0.18% (~ 1:556) 

in a “general risk” population. This contrasts the 1.11% (~1:91) reported in their 

TRIDENT-1 study which assessed a “high risk” population.79 The latest pooled analysis by 

Benn and colleagues of 10 genome-wide NIPT studies calculated the average RAT 

incidence, irrespective of indication, to be approximately 1:310 (0.32%).49 This rate 

includes RATs attributable to an unrecognized demised twin80 or a maternal malignancy.
81,82 The most common RATs detected by NIPT were trisomies 16, 22 and 15 with a 

frequency of >9% for each.49 The incidence of RATs appears to be statistically higher in 

CVS trophoblasts (0.41%) compared to NIPT-based studies (0.32%)49.

Clinical significance

There are three primary outcomes following a prediction of a RAT by a NIPT whole genome 

screen. As with CVS, CPM is the most likely explanation (90–94%%).49,79,83,84 If the RAT 

is present in a very high proportion of cells, miscarriage is likely.5,85,86 If the pregnancy is 

viable and the RAT is confirmed by amniocentesis, there may be a variable phenotype 

ranging from normal to severely affected.43 The challenge comes with the inability to 

accurately predict which outcome will be present in each specific case. Comprehensive 

ultrasound is indicated for the detection of anatomic anomalies and growth restriction.
58,78,87–92

Benn et al. compiled outcome information from six studies that included 151 cases with 

RATs identified by whole-genome NIPT. A normal live birth was reported in 41.1%; fetal 

loss in 27.2%; fetal anomalies in 7.3%, clinically significant UPD in 2.0%; and fetal growth 

restriction or low birth weight (determined by variable cutoffs used in different studies) in 

14.6%.49 Cytogenetic confirmation studies were not performed for every case. The value of 

reporting RATs from a NIPT whole genome screen remains highly controversial and much 

work is needed to assess clinical utility of detecting RATs through NIPT.

POSSIBLE SIGNIFICANCE OF UNDETECTED MOSAICISM

From the foregoing discussion it should be clear that progression from embryo to birth is 

associated with a massive reduction in the proportion of cases with true mosaic chromosome 

abnormalities. Some of this will be associated with early embryo lethality, failure to implant, 

spontaneous fetal death, and correction of the aneuploid line. Some may also be associated 
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with a selective disadvantage for the cells with chromosome imbalance. Even though an 

abnormal cell line may diminish to the point that it is at a low level, the developmental 

consequences of its presence early in pregnancy may still be apparent. Examples of this 

could be growth asymmetry and pigmental abnormalities, or other conditions caused by 

hypoplasia.

What is the consequence of having a low-level residual abnormal cell population that may be 

substantially confined to specific tissues and undetected in those tissues routinely analyzed 

when a chromosome abnormality is suspected? Possibilities include recurrence for common 

autosomal trisomies,93 recurrent pregnancy loss with identical chromosome imbalances, 

premature ovarian failure,94 and cancer.95 The term “occult mosaicism” has been proposed 

to describe the situation where mosaicism is hidden but suspected on the basis of clinical 

findings.96 When ultrasound anomalies are present, there is a greater index of suspicion for 

occult mosaicism in other tissues when only normal cells are observed in amniocytes. The 

application of contemporary molecular cytogenomic methods provides opportunities to 

search for low-level mosaicism in tissues previously not amenable to conventional 

cytogenetic analysis and to resolve some of these relevant questions. For example, trisomy 8 

detected in CVS is rarely identified by karyotype in subsequent amniocyte cultures, likely 

due to selective growth disadvantage.97,98 However, direct analysis of uncultured amniocytes 

by fluorescence in situ hybridization (FISH) or chromosomal microarray analysis (CMA) 

has proven efficacious in identifying trisomy 8 mosaicism in follow-up amniocentesis 

studies.99,100

CONCLUSION

In the microarray and NGS era, clinicians and patients often remark on the challenges and 

difficulties of encountering variants of uncertain significance (VUS). In reality, uncertain 

significance is not a new concept in clinical genetics as we have been dealing with 

uncertainty in outcome since the dawn of prenatal cytogenetic diagnosis, primarily in the 

form of marker chromosomes, mosaicism and de novo rearrangements. The significance of 

mosaicism in a prenatal diagnosis setting is well recognized and rather than refer to it as a 

FUS (finding of uncertain significance), we should approach mosaicism as a “Finding of 

Uncertain Outcome” (FUO). Conversely, the clinical utility of actively investigating and 

reporting VUS/FUO in a screening framework, such as that of NIPT/cfDNA testing, is 

highly controversial. Our ability to predict the clinical impact is guided by the time of 

ascertainment and then by the results of follow-up procedures like ultrasound and 

amniocentesis. Ultimately, unless we biopsy every major fetal tissue (brain, heart, kidney 

etc…), and, in the absence of apparent fetal anomalies, the prenatal finding of mosaicism 

will remain an FUO.
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What’s already known about this topic?:

• Clinical outcome for cases diagnosed with chromosomal mosaicism is fraught 

with uncertainty.

• Patient management requires a comprehensive knowledge of the potential 

outcomes for each specific mosaic abnormality
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What does this study add?:

• A review of current knowledge of the origins and clinical impact of 

chromosomal mosaicism

• We discuss how the frequency, spectrum, and clinical signifance of mosaic 

chromosome abnormalities differ according to how they were ascertained
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Figure 1. 
Origins of mosaic preimplantation embryos in human. a, Incidence of aneuploid sperm and 

eggs (single cells) and mosaic embryos at the cleavage and blastocyst stages (% of cases).
14–24 b-e, examples of mechanisms resulting in chromosomally mosaic embryos. b, 

anaphase lag. c, failed chromosome capture. d, tripolar spindle formation. e, endoduplication 

or failed cytokinesis result in tetraploid cells.
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Figure 2. 
Trisomy rescue. This example illustrates a maternal meiosis I segregation error that has 

produced a disomic egg. Fertilization by the normal haploid sperm leads to a trisomic 

embryo. Depending on which chromosome is lost during trisomic rescue, there are three 

possible outcomes for the rescued disomic homologues. When either of the maternal 

chromosomes is lost during trisomic rescue, the resulting disomic cell line will contain both 

a maternal and paternal homologue (biparental inheritance). When the paternal chromosome 

is lost during the rescue event, the resulting disomic homologue will only derive from one 

parent, the mother (uniparental disomy, UPD). In all cases, mosaicism for a trisomic and 

disomic cell line will be present.
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Figure 3: 
Schematic representation showing the final classification of mosaicism detected at the time 

of chorionic villus sampling after follow-up confirmatory amniocentesis. CPM, Confined 

Placental Mosaicism; TFM, True Fetal Mosaicism. If the chromosome abnormality is only 

detected in the trophoblast and is not confirmed at the time of amniocentesis, it is classified 

as CPM I. If it is confirmed, it is referred to as TFM IV. Similarly, if the abnormality is only 

detected in the mesenchyme and is not confirmed at the time of amniocentesis, it is 

classified as CPM II. If it is confirmed, it is referred to as TFM V. If the abnormality is 

detected in both layers and not confirmed at the time of amniocentesis, it is classified as 

CPM III. If confirmed, it is referred to as TFM VI. Data derived from Malvestiti et al.43 and 

Benn et al.49
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Figure 4: 
Frequency of the type of mosaicism observed at the time of CVS (Pie Chart) and likelihood 

of each type being confirmed at the time of amniocentesis (Bar Charts). CPM: Confined 

Placental Mosaicism. TFM: True Fetal Mosaicism. Data derived from Malvestiti et al.43 and 

Benn et al.49
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Figure 5: 
Overall likelihood of confirming true fetal mosaicism at amniocentesis for select 

chromosomes. Data derived from Malvestiti et al.43 and Benn et al.49
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