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Introduction

Down syndrome is caused by a gene dosage-imbalance re-
sulting from human chromosome-21 trisomy, and is the most
commonly diagnosed congenital malformation/mental retar-
dation syndrome (Jones 2006). In 1866, John Langdon Down
made the first detailed description of all affected individuals
(Down 1866). This pioneering study emphasized the unique
clinical features of cases from heterogeneous ethnic back-
grounds and distinguished them from all other cases with
similar intellectual disabilities (Down 1866). While the syn-
drome was largely called ‘mongolism’ early on, for the diag-
nostic facial profile, there are three historical instances which
have changed the context of Down syndrome. A letter pub-
lished in The Lancet signed by illustrious biomedical sci-
entists urged fellow researchers to abandon using the mis-
leading connotation ‘mongolism’ for this mental deficiency
syndrome and replace it with the designations ‘Langdon-
Down anomaly’ or ‘Down’s syndrome/anomaly’ or ‘trisomy
21 anomaly’ or ‘congenital acromicria’ (Allen et al. 1961).
In 1965, a delegation from the Mongolian People’s Republic
approached the World Health Organization requesting them
to avoid the terms mongol and mongolism (Patterson and
Costa 2005). The possessive of the eponym was later dis-
continued and it is since widely called ‘Down syndrome’
(Nomenclature 1975).

The clinical features of Down syndrome are comprised
of severe cognitive impairment, characteristic facial profile,
short stature, speech and developmental delay, chronic ear
infections and hearing loss, and hypotonia (Jones 2006). The
diagnostic facial profile consists of epicanthal folds, flat nasal
bridge, upslanting palpebral fissures, and protruding tongue
(Jones 2006). Down syndrome patients can also develop
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congenital heart disease (40–50%), have an increased risk
for Alzheimer disease (especially after the fourth decade)
(Roper and Reeves 2006), acute megakaryocytic leukemia,
Hirschsprung disease, and duodenal atresia (Jones 2006).
Approximately 95% of diagnosed Down syndrome cases
have a complete trisomy 21 and the remaining 5% either have
somatic mosaicism (∼1%) or chromosome-21 translocations
(∼4%) (Sherman et al. 2007). Overall, Down syndrome is es-
timated to affect 1 in 750 live births (Jones 2006); however,
several reports have indicated variability in the estimates of
Down syndrome among different ethnic groups. Moreover,
variability of clinical presentation within a Down syndrome
cohort provides evidence for gene dosage thresholds for spe-
cific phenotypes, and the action of genetic and environmen-
tal modifiers (Antonarakis et al. 2004). Prenatal testing for
Down syndrome is performed by chorionic villus sampling
(in first trimester), amniocentesis (in second trimester), bio-
chemical analysis (Quad screen for maternal serum mark-
ers and alpha feto-protein analysis) and by ultrasound (for
nuchal translucency) (Neilson and Alfirevic 2006; Saller and
Canick 2008).

Penrose and parental-age effects in Down syndrome

Based on an analysis of 150 families (reproduced in pages 9–
14 of this issue), each containing at least one affected Down
syndrome child, Lionel Penrose (1933) suggested a partial
correlation between advanced maternal age and the risk of
having a child with Down syndrome (Penrose 1933). Using
a regression analysis, described previously by Sewall Wright
(Wright 1926), Penrose compared the paternal and the ma-
ternal ages of parents of Down syndrome offspring. After
regressing out the paternal age effect, the difference between
the observed and expected mean maternal ages at the time
of birth of a Down syndrome child was significant. How-
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ever, after adjusting for maternal age, there was no signif-
icant difference in the observed and expected mean pater-
nal age. Also, no effect of maternal parity or birth order
of the affected child was observed (Penrose 1934). Thus,
the association of increased paternal age and incidence of
Down syndrome was merely due to a simultaneous associa-
tion with maternal age. Over the next 75 years, several epi-
demiological and molecular genetic studies have examined
Penrose’s conclusions with significant implications for pre-
natal diagnosis and genetic counselling (Hassold and Jacobs
1984; Warburton 1989, 2005; Sherman et al. 2007; Hunt and
Hassold 2008).

Mantel and Stark (1967) suggested that a high correla-
tion between the paternal and maternal age masked the ac-
tual paternal age effect and reduced the power of correlation
studies. While increased paternal age association was identi-
fied in some epidemiological studies (Erickson and Bjerkedal
1981; Stene et al. 1981, 1987), no significant effect was de-
tected in several other studies on Down syndrome (Erick-
son 1978; Hook et al. 1981; Hook 1987; Fisch et al. 2003;
Dzurova and Pikhart 2005). Discrepancies in these reports
were mainly due to different methods of statistical analysis
and, possibly, the small sample sizes analysed (Fisch et al.
2003). A more recent study suggested a significant pater-
nal age effect on Down syndrome only with mothers aged 35
years or older (Fisch et al. 2003). Fisch et al. (2003) also
showed that the paternal age effect was the greatest in cou-
ples older than 40 years with the risk for Down syndrome
increasing to six times the rate in couples younger than 35
years (Fisch et al. 2003).

Interestingly, in familial cases of Down syndrome with
more than one affected sibling, the mean maternal age for
affected children was lower than the general maternal age
estimates for Down syndrome (Penrose 1954). A similar re-
duction of mean maternal age was also observed in individu-
als when a maternal relative was also affected. No reduction
of mean maternal age was observed when a paternal relative
was affected. Further, a two to three times increased risk of
Down syndrome in the siblings of affected individuals was
observed, after accounting for selection bias (Penrose 1954).
A recent study by Arbuzova and colleagues on familial cases
of Down syndrome showed that while there is a greater re-
currence risk for younger women, by the age of 40, the re-
currence risk is not significantly different from non-familial
cases (Arbuzova et al. 2001). Notably, a history of Down
syndrome miscarriage also increases the risk of other fetal
aneuploidies in subsequent pregnancies (Bianco et al. 2006).

Aetiology of Down syndrome

In his 1954 report, Penrose indicated several plausible ae-
tiological factors for Down syndrome: advanced mater-
nal age resulting in altered rate of crossing over between
closely linked genes, chromosomal translocations and en-
docrine imbalances, a strong hereditary component in famil-

ial cases with reduced mean maternal age, and maternal-fetal
genotype-specific susceptibility (Penrose 1954). Advances
in cytogenetic analysis, including the discovery of the extra
chromosome-21 independently by Jerome Lejeune and Pa-
tricia Jacobs in 1959 and isolation of chromosomes from
amniotic fluid provided a molecular basis for Down syn-
drome (Lejeune et al. 1959; Steele and Breg 1966; Valenti
et al. 1968). Additionally, in 1964 Penrose suggested that
the Down syndrome cases influenced by advanced maternal
age could be due to chromosomal nondisjunction, a failure
of chromosomes to separate properly during meiosis (Pen-
rose 1964; Sherman et al. 2007).

Analysis of chromosome heteromorphisms and highly
informative DNA polymorphic markers from parents and
Down syndrome offspring helped to determine the parental
origin of the extra chromosome and stage of the meiotic er-
ror (Hassold and Jacobs 1984; Antonarakis 1991; Petersen
et al. 1991). The maternal versus paternal basis for mei-
otic errors are well illustrated by their physiological time-
line (figure 1) (Hassold and Hunt 2001). Female meiosis I
(MI) is initiated during fetal development, but after homolo-
gous recombination, the oocytes undergo a period of arrest in
prophase (reviewed by Hassold and Hunt 2001). MI is then
resumed (10–50 years later) in the ovary just before ovula-
tion (Hassold and Hunt 2001). After completion of MI, the
oocytes are suspended in the metaphase of meiosis II (MII)
and the second division is completed only after fertilization.
The prolonged meiotic arrest phase likely allows accumula-
tion of toxic effects including environmental insults, degra-
dation of meiotic machinery causing MI and MII errors, and
suboptimal ovarian functioning likely resulting in hormonal
imbalance (Sherman et al. 2007). Male meiosis, however,
begins at puberty and all events are sequentially completed
without interruptions, in the adult testis (figure 1) (Hassold
and Hunt 2001).

Research from the laboratories of Stephanie Sherman and
Terry Hassold has provided insights into the origin of human
aneuploidy, including those specific to trisomy 21. While
maternal nondisjunction (majority being MI error) has ac-
counted for >90% of trisomy 21 cases, 5%–10% were due to
paternal nondisjunction (MI and MII errors), and <5% were
due to mitotic errors (Hassold and Hunt 2001). However,
only maternal meiotic nondisjunctions are associated with
advanced maternal age (Lamb et al. 2005). Utilizing poly-
morphic markers, parent-to-trisomic offspring inheritance
and recombination patterns of chromosome-21-specific seg-
ments have been studied (Savage et al. 1998; Lamb et al.
2005). MI errors are identified by the presence of a parental
heterozygosity in the trisomic offspring and in MII error, the
parental heterozygosity is converted to homozygosity in the
offspring. However, if the parental heterozygosity is reduced
to homozygosity in all informative loci (proximal, medial,
and distal chromosome-21 regions) then a postzygotic, mi-
totic error is inferred (Savage et al. 1998) (figure 2,a–c).
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Figure 1. Male and female physiological timeline. Male and female germ cells have different timelines
for mitotic and meiotic events in the developing testis and ovary. In male fetal testis, after initial mitotic
arrest, a longer mitotic proliferation is resumed (from prenatal period to puberty) until the onset of
puberty when meiotic events are initiated and completed. Sperm production is continued throughout the
lifetime. In contrast, in the female ovary, after a smaller mitotic proliferation event, the germ cells enter
into protracted meiosis I and II periods. After homologous recombination, MI is arrested at prophase,
and is completed only after ovulation, at the onset of puberty. MII is then initiated only to be arrested
again, in metaphase II; MII is completed after fertilization. Possible advanced maternal age-associated
events are also shown (box). The figure is modified from Hassold and Hunt (2001).

Figure 2. Normal meiosis and maternal meiotic errors. (a) The schematic shows the normal series of meiotic events. Briefly, MI ends in
the separation of chromosomal homologs and MII results in the separation of sister chromatids. (b & c) Nondisjunction due to MI and
MII errors is shown. Genotyping using informative microsatellite markers (a, b and x) in an individual with Down syndrome with MI
error will show parental heterozygosity, while MII errors are characterized by marker homozygosity for one of the parental chromosome.
Note that an excess of distal crossovers lead to MI errors and increased proximal crossover causes MII errors (modified after Lamb et al.
2005).

Journal of Genetics, Vol. 88, No. 1, April 2009 3



Santhosh Girirajan

For maternal meiosis, location and number of crossovers in
trisomic offspring compared to controls have shown signifi-
cant differences and have indicated that: (a) increased distal
(telomeric) crossovers (with shorter linkage maps) contribute
to MI errors in younger women (aged <29 yr) but not so in
older women (aged >34 yr), (b) increased proximal (peri-
centromeric) exchanges (with longer linkage maps) associ-
ated with MII errors are more common in older women and
not in younger women, and finally, (c) absence of recombi-
nation (with no chiasmata formation) is associated with MI
error in both age groups (Lamb et al. 2005). As recombi-
nation occurs during the prophase of MI, at least some MII
errors are probably initiated early during MI (figure 3). It is
therefore apparent that, apart from advanced maternal age,
the only other factor that is consistent with maternal meiotic
nondisjunction is altered recombination pattern (Sherman et
al. 2007). Evaluation of paternal non-disjunction cases re-
vealed a reduction in recombination in MI cases and an ex-
cess of MII errors associated with a slight increase in the
amount of proximal-medial exchange compared to exchange
at telomeres (Savage et al. 1998). Interestingly, there was an
altered sex-ratio among the paternally derived MII cases with
an overall increase in male probands (Savage et al. 1998; Pe-
tersen et al. 1993). The skewed sex-ratio was consistent with

proximal-medial exchange in MII and was hypothesized to
result from imbalanced non-disjunction products segregat-
ing with the Y chromosome during anaphase (Savage et al.
1998).

It has been suggested that increased biological ageing of
the ovaries is a major factor for aneuploidy conditions in fe-
males -a ‘limited oocytes pool’ hypothesis (Warburton 1989).
According to this hypothesis, the ageing of the ovary is as-
sociated with availability of limited and less optimal oocytes
for fertilization. While several correlations with biological
ageing of the ovary, including cigarette smoking, history of
unilateral ovariectomy, and hormonal levels are still being
evaluated, the median age for menopause was consistently
found to be 0.9–1 year earlier in women with trisomic preg-
nancies compared to controls (Kline and Levin 1992; Kline
et al. 2000). Kline et al. (2004) suggested that changes in fol-
licular development, unrelated to the size of the oocyte pool,
likely influence abnormal chromosome segregation (Kline
et al. 2004). A preferential survival in older mothers of
fetuses with Down syndrome prompted a ‘relaxed selec-
tion’ hypothesis (Erickson 1978; Ayme and Lippman-Hand
1982). Accordingly, a significant component of maternal-
age association in Down syndrome live births was suggested
to be caused by relaxed selection against aneuploid fetuses

Figure 3. MI non-disjunctional errors manifesting in MII. Neil Lamb and colleagues suggested that the
consequence of increased proximal crossovers contributing to MII errors may be due to (a) chromoso-
mal entanglement at MI, wherein the bivalents are not separated until MII, or (b) premature separation of
sister chromatids at MI, due to loss of sister chromatid cohesion. Here, there is separation of the whole
chromosome and a single chromatid to each pole of the meiotic spindle (Lamb et al. 1997). Notably,
there are several other possible patterns of MI and MII errors (refer to Hassold and Hunt 2001).
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Figure 4. Incidence of Down syndrome at increasing maternal ages as identified by chorionic
villus biopsy (first trimester) or amniocentesis (mid-trimester) leading to miscarriage and at birth is
depicted. Note that the incidence of Down syndrome-related miscarriage increases with age. The
graph is derived from published data in Savva et al. (2006) and Nussbaum et al. (2007).

(Erickson 1978; Ayme and Lippman-Hand 1982). This hy-
pothesis was not supported by maternal age-specific preva-
lence of trisomic spontaneous abortions and live births,
which showed that the chance for miscarriage is, in fact,
much higher in older women (figure 4) (Hook 1983; Hassold
et al. 1984; Hook et al. 1989).

In general, the incidence of aneuploidy in humans varies
during development; for example, ∼ 1% − 2% in sperms and
∼ 20% in oocytes during gametogenesis, ∼ 20% incidence
at pre-implantation stage, ∼ 35% in spontaneous abortions,
∼ 4% in stillbirths, and ∼ 0.3% incidence in live births, sug-
gesting a strong in utero negative selection (Hassold and
Hunt 2001). Snijders et al. (1999) estimated that approxi-
mately one-half of Down syndrome pregnancies are lost dur-
ing the first trimester (diagnosed by chorionic villus sam-
pling at 9–11 weeks) and approximately one-fourth are lost
after mid-trimester amniocentesis (Snijders 1999; Snijders et
al. 1999).

Several common themes emerge from available Down
syndrome epidemiological studies: first, the mean maternal
age for Down syndrome live births is about five years greater
than that of control unaffected births (Cuckle et al. 1987).
Second, the incidence of Down syndrome among pregnan-
cies ending in miscarriage increases with maternal age (fig-
ure 4). Third, a paternal-age effect exists, but is very small in
comparison to maternal-age effect in Down syndrome preva-
lence (Fisch et al. 2003).

Conclusions

Penrose’s studies helped understand the hereditary basis, pre-
natal diagnosis and risk analysis of Down syndrome. Val-
idation of Penrose’s analysis on parental-age-related risk
utilizing modern molecular diagnostic tools is interesting
in several aspects. Given the phenotypic variability of
Down syndrome and clinical overlap with several other con-

genital anomalies/mental retardation disorders or isolated
disorders such as Alzheimer disease or hypothyroidism,
Penrose’s ascertainment of a large cohort was consistent.
Penrose’s clinical acumen is notable as most genetic diag-
nosis of mental retardation disorders, in the present day,
are routinely performed by karyotyping or higher resolution
DNA-based approaches and biochemical analysis — which
was non-existent during his time. Finally, despite the fact
that the mean age of mothers was lower 75 years ago (Irv-
ing et al. 2008), it is remarkable that the subtle maternal-age
correlation was expanded qualitatively by Penrose’s study.
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