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Turner's syndrome was originally described as a
disorder ofadultwomen characterized byinfantilism,
congenital webbed neck, and cubitus valgus
(Turner, I938). It was later shown that the im-
portant pathological defect was the absence of
normal ovaries which are invariably replaced by
thin white 'streaks' of ovarian stroma without
follicles (Wilkins and Fleischmann, I944). With
the accumulation of clinical experience, the criteria
for inclusion in the syndrome have become modified
and enlarged, so that Turner's syndrome can now
be defined more accurately as a disorder of women
in which short stature, infantilism, streak gonads,
and associated congenital malformations are the four
cardinal features. The associated malformations
are so characteristic that it is useful to refer to them
as 'Turner stigmata'. They include shield chest,
webbing of the neck, peripheral lymphoedema at
birth, short IVth metacarpals, hypoplastic nails,
multiple pigmented naevi, and coarctation of the
aorta (Haddad and Wilkins, i959).
A number of patients have been observed who

have many features in common with Turner's
syndrome, but who do not qualify for the complete
syndrome on these criteria because they lack one
or more of the cardinal features. Thus, some
patients are of normal stature, some have secondary
amenorrhoea, some are without Turner stignnata,
and some show masculinization. These patients
may be referred to as variants ofTurner's syndrome.

In 1954 it was shown that many patients with
Turner's syndrome have chromatin-negative nuclear
sex (Polani, Hunter, and Lennox, I954), and five
years later the explanation of this anomaly was pro-
vided by the demonstration of an XO sex chromo-
some constitution in a typical patient (Ford, Jones,
Polani, de Almeida, and Briggs, I959). However,
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other patients were soon found who had chromatin-
positive nuclear sex and different types of abnormal
sex chromosome constitutions, including structural
X chromosome aberrations, and various types
of sex chromosome mosaicism. This experience
raised the possibility that if the classical case of
Turner's syndrome were the result ofmonosomy for
the X chromosome, perhaps variants of Turner's
syndrome could be explained on the basis of vari-
able deficiency of the sex chromosomes intermediate
between XO and XX, and XO and XY (see, for
example, Griboff and Lawrence, I96I; Ford,
I963).

Observations on 30 female patients with abnormal
gonadal development (gonadal dysgenesis) seen at
Johns Hopkins Hospital (Ferguson-Smith, Alex-
ander, Bowen, Goodman, Kaufmann, Jones, and
Heller, I964a) not only confirm this view, but
suggest that the complete Turner's syndrome is due
to monosomy of loci in the short arm of the X
chromosome, which are homologous with loci in the
Y chromosome. This hypothesis explains the
observation that short stature and Turner stigmata
may result from deletions in either the X or Y
chromosome. It also postulates that many of the
clinical variants of Turner's syndrome occur as a
result of variable deficiency of the sex chromosomes
due to sex chromosome mosaicism, in which some
somatic cell lines have normal XX or XY comple-
ments while others have deficient sex chromosome
complements.

This paper attempts to test this hypothesis by
reviewing the available reports on chromosome
analysis in gonadal dysgenesis. 307 cases have
been classified according to their sex chromosome
constitution, so that the relationships between the
clinical and chromosomal findings may be assessed
for each class. As a result, some interesting corre-
lations between karyotype and phenotype have
emerged, which strengthen the above hypothesis,
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and have a bearing on the pathogenesis of other
types of abnormal gonadal development. The
karyotype-phenotype correlations also indicate that
genetic inactivation of one X chromosome in female
somatic cells does not extend to all loci on that
chromosome.

Materials and Methods
By convention, the term gonadal dysgenesis has

become restricted to Turner's syndrome and its variants,
though it might be correctly applied to all cases of
abnormal gonadal development. The convention is
followed here, so that disorders such as Klinefelter's
syndrome and true hermaphroditism are excluded.
Patients with almost all other types of abnormal gonadal
development associated with sex chromosome aber-
rations, or of unknown aetiology, are included where
adequate clinical descriptions and karyotype analyses
are available.

Clinical information (as indicated in Table I) con-
cerning the stature, presence or absence of Turner
stigmata, the type of sex differentiation, the presence of
severe mental defect, and the parental ages. at the birth
of the patient, were sought from each case history, and
these data were augmented in certain cases by personal
communication with the authors. The presence or
absence of the characteristic in question (such as short
stature) was accepted according to each author's defini-
tion, though individual authors seemed to differ slightly
in their criteria, particularly where the characteristic was
difficult to measure (e.g. webbing of the neck). Many of
the reports fail to record negative findings in respect of
the less striking Turner stigmata (such as hypoplasia of
the nails). Thus, in Table I the frequencies recorded
for each characteristic are likely to be higher than the
actual frequencies.
As most of the patients included in this review have

been selected for study on the basis of clinical criteria,
ascertainment bias must be borne in mind in the inter-
pretation of karyotype-phenotype correlations. This
difficulty appears unavoidable, because an unselected
series of cases could only be obtained by chromosome
analysis of large samples of the general population.
(The magnitude of this task is easily appreciated when
one considers that, on average, over 2,500 people would
have to be tested in order to detect a single XO case of
gonadal dysgenesis.) However, using the material at
present available, realistic karyotype-phenotype correla-
tions can safely be made on characteristics, such as
parental age, that have played little or no part in the
selection of cases. On the other hand, the data cannot
be used to estimate, for example, the prevalence of the
various karyotype categories, or the frequency of a
particular malformation in any one karyotype category.
With characteristics which have been important in the
selection of a proportion of cases, correlations between
karyotype and phenotype may be meaningful if the part
played by selection is taken into account. For example,
though many patients have been selected on account of
short stature, 20% of XO/XX mosaic cases are within

the normal range of height, whereas all XO cases are
short; the correlation between the presence of normal
XX cell lines and normal height in these patients is clear.

It therefore seems relevant to consider the various
methods used in the ascertainment of patients in the
present study, and the effect these methods have on
karyotype-phenotype correlations. In the two large
series of de la Chapelle (I962) and Lindsten (I963),
patients are selected by very strict clinical criteria, so
that only those with the complete Turner's syndrome
are included. Clinical differences between the various
karyotype categories thus tend to be minimal, some kary-
otype categories are not observed (e.g. XO/XY), and
karyotype-phenotype correlations are not as informative
as in other series which have been selected on less rigid
grounds. Jacobs, Harnden, Buckton, Court Brown,
King, McBride, MacGregor, and Maclean (I96I)
describe a series of patients selected initially because of
primary amenorrhoea, and Ferguson-Smith et al.
(I964a) selected their patients because each had at least
one of the principal features of Turner's syndrome.
Although the former series excludes patients with
gonadal dysgenesis and secondary amenorrhoea, and
both series exclude those (if any) with a normal pheno-
type associated with a sex chromosome abnormality,
meaningful karyotype-phenotype correlations are noted
in each study.

Sex chromatin studies have provided another source
of patients with gonadal dysgenesis (e.g. Maclean,
Harnden, Court-Brown, Bond, and Mantle, I964), but
here the selection is again incomplete, as the method
detects only persons in whom there is a discrepancy
between the nuclear sex and the sex of rearing. The
advantage of the method is that there can be no argu-
ment against comparing clinical findings in the karyo-
type categories that are detected. Unfortunately, only a
few cases have been detected by this method so that its
full possibilities are still to be realized.
The literature also records smaller series of patients

with gonadal dysgenesis, and numerous single cases.
Some are published on account of the rare nature of the
chromosome aberration, or because of bizarre clinical
findings. Up to the time of writing over 300 reported
cases of gonadal dysgenesis with adequate clinical
descriptions and karyotype analyses could be found,
and undoubtedly others have been overlooked. It has
been considered neither practical nor appropriate to
list the findings in each case separately, but references
are given in Table II.

Results
Most of the patients reviewed can be grouped by

their sex chromosome constitutions into i of the I5
karyotype categories shown in Table I (see key to
karyotype symbols). The frequency of short
stature and of each of the seven major Turner
stigmata, and the type of sex differentiation observed
are noted for each of these karyotype categories.
Table I also includes the frequency of severe mental
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defect, and the mean parental ages at the birth of
the patient, with standard deviations. For conveni-
ence of comparison, the number of patients affected
with each characteristic is expressed as a per-
centage, though the number of patients is very
small in several of the. karyotype categories. The
absolute number of cases in each class is given in
Table II.

The XO Group. Short stature appears to be
the only clinical finding invariably associated with
an XO karyotype in adult women with gonadal
dysgenesis; in at least 40 of the 117 patients, it
played no part in the selection of cases. The
majority of XO patients have at least several of the
Turner stigmata, and there is little evidence that
mental defect qualifies as one of these. Spontaneous
menstruation is recorded in only 7 patients out of
83, but it is not known whether these menstrual
cycles are ovulatory or anovulatory, because ova
were found in only 2 of the 24 cases in whom the
gonads were examined. (Unfortunately the 24 cases
included none of the 7 who menstruated.) How-
ever, it is clear that some patients enter puberty with
a few primordial follicles as one convincing case had
sufficient ovarian functions to give birth to a normal
child (Bahner, Schwarz, Hienz, and Walter, I960).
Apart from the atypical group mentioned in the

next paragraph, masculinization of the external
genitalia was found in only 3 otherwise classical
cases, and this was confined to slight hypertrophy
of the clitoris (Case 8 of de la Chapelle, I962; Case 5
of Ferguson-Smith et al., i964a; Case 2 of Fr0land,
Lykke, and Zachau-Christiansen, I963). In Fr0land
et al.'s patient, the mother had been treated for
threatened abortion during pregnancy with 'pro-
luton' (a progesterone preparation).
Three patients differ very much from the rest of

the XO group (Bloise, de Assis, Bottura, and
Ferrari, I960; Bottura and Ferrari, I962; Atkins and
Engel, I962). Two are of short stature, but only
one of these had minor Turner stigmata; all three
have masculinization of the external genitalia and
were found to possess a gonadal streak on one side
and a rudimentary testis on the other. In one case,
the rudimentary testis was found in the left labium
and was associated with unilateral regression of the
Miillerian ducts. These cases are so similar to
patients in the mosaic XO/XY and XO/XS groups
that it is likely that they are examples of undetected
mosaicism of one ofthese groups, or ofunrecognized
translocation of Y chromosome material to another
chromosome. In view of this doubt about their
classification, these three have been excluded from
the Tables.

The XO/XX Group. The data clearly show that
the cardinal features of Turner's syndrome are less
frequent in the XO/XX group than in theXO group.
Seven out of 36 of the patients have stature in the
normal range; spontaneous menstruation is more
common (7 out of 34), and the Turner stigmata are
reduced, especially webbing of the neck and lym-
phoedema at birth. Presumably, the expression of
the Turner phenotype is modified by the presence
of a normal XX cell line. A similar dilution effect
in cases of chromosome mosaicism is seen in those
patients with chromatin-positive Klinefelter's syn-
drome who have a proportion of normal XY cells
(e.g. Barr, Carr, Morishima, and Grumbach,
I962), and in patients with mongolism who show
mosaicism for normal and trisomic cell lines (Clarke,
Edwards, and Smallpiece, I96I).

Streak gonads were found in the nine XO/XX
cases submitted to exploratory laparotomy, but
normal ovaries were found in an XO/XX child
examined post mortem (Mikkelsen, Fr0land, and
Ellebjerg, I963), and it may be that XO/XX indi-
viduals have a greater chance of fertility than XO
individuals. Two cases were noted to be masculin-
ized; in one, who also has mongolism, this was
confined to clitoral hypertrophy (van Wijck, Blanken-
borg, and Stolte, I964), and in the other there was
marked clitoral hypertrophy and virilism, both
attributed to a hilus cell adenoma (Warren, Erkman,
Cheatum, and Holman, I964).

The XO/XX/XXX and XO/XXX Groups.
The five XO/XX/XXX cases and the three XO/
XXX cases demonstrate the same type of modified
Turner phenotype noted in the XO/XX group. The
XXX cell line appears to exert only a normalizing
influence. This might be expected, because non-
mosaic XXX individuals do not appear to be dis-
tinguishable clinically from normal XX females
(Johnston, Ferguson-Smnith, Handmaker, Jones,
and Jones I96I), though most reported XXX cases
have been ascertained by sex chromatin surveys in
mental institutions. Only one of the eight cases
included in Table I is reported to have low intelli-
gence, but this need not be due to the abnormal
karyotype, as the patient had tuberculous menin-
gitis in infancy (Hayward and Cameron, I96I).

The Ring-X Mosaic Chromosome Group.
Three patients have a large ring-X chromosome
with mosaicism of XO/XXRIXXRXR, XO/XX/
XXR, and XO/XXR types respectively (Lindsten
and Tillinger, I962; Luers, Struck, and Nevinny-
Stickel, I963; Hustinx and Stoelinga, I964). All
three are short in stature, have Turner stigmata,
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and two have menstruated spontaneously; none
show masculinization. The clinical findings corres-
pond most nearly to those observed in the XO XX
group.

The XXI and XOIXXI Groups. Clinical
descriptions are meagre in several of the I2 patients
reported to have an XXI (isochromosome X) karyo-
type. None the less, they all appear to be typical
cases of Turner's syndrome. It is of interest that
three have Hashimoto's thyroiditis. The XXI and
XO XXI cases may be considered together for
comparison with the XO and XOIXX groups to
assess the phenotypic effects of the isochromosome
X. Relatively low frequencies of webbing of the
neck, lymphoedema at birth, and congenital heart
disease are the only striking differences from the
XO phenotype. In these three Turner stigmata,
modification of the Turner phenotype is of the same
order as in the XO/XX group. The isochromosome
patients differ from the XO,XX group in that they
are all short in stature and all fulfil the criteria (page
I42) for Turner's syndrome. They also differ from
both the XO and the XO/XX groups in that the
frequencies of multiple pigmented naevi and
of hypoplastic nails appear to be higher. Streak
gonads were observed in all cases submitted to
laparotomy and only one XO XXI case was mas-
culinized (Case 22 of Ferguson-Smith et al., I964a;
Case 2 of Bergada, Cleveland, Jones, and Wilkins,
i962a). This patient had clitoral hypertrophy,
associated with hyperplasia of the hilus cells in the
medullary portion of the streak gonads.

The Xx and XO 'XX Groups. Six patients have
been reported to have an abnormal X chromosome
similar in size to chromosomes I3-I5, and inter-
preted as a deletion involving most of the short arm.
In one the karyotype is Xx without apparent
mosaicism (Jacobs et al., i96i), the others are
XO/Xxi mosaics (Lindsten, i963; P. E. Polani,
I964, personal communication). With the possible
exception of one 32-year-old patient who is 6o05 in.
(I54 cm.) in height, all fulfil the criteria for Turner's
syndrome.

The Xx and XO/X'- Groups. Ten patients are
known in whom there is a structural abnormality of
an X chromosome interpreted as a deletion involving
most of the long arm. Four have XO/X- mosaicism,
five have xx without detected mosaicism, and one
has XX/Xx mosaicism (Case 2 of de Grouchy,
Lamy, Yaneva, Salomon, and Netter, Ig6Ib). Only
two of these patients have Turner's syndrome, and,
as both are XO/X'i mosaics, the Turner phenotype
can be attributed to the effect of the XO cell line.

The XX/Xx patient is of normal stature and appear-
ance; she presented for investigation with the Stein-
Leventhal syndrome. Four of the seven remaining
patients had laparotomy and were found to have
streak gonads without masculinization. Although
one might expect undetected XOIXx mosaicism in
at least several of the Xx patients, it is surprising
that only two are short in stature (P. E. Polani,
I964, personal communication) and only two show
a Turner stigma; in each instance, this is the
presence of multiple pigmented naevi. These
findings suggest that deletion of the long arm of the
X chromosome can cause streak gonads but is not
sufficient by itself to cause the extreme short stature
and the multiple stigmata of Turner's syndrome,
and that these features are only found when the
deletion includes the short arm.

The X1x Group. Only two patients are known
to have a small metacentric X chromosome inter-
pretable as an isochromosome for the short arm
of the X chromosome or as a deletion of part
of the long arm (J. Lindsten, I964, personal
communication; P. E. Polani, I964, personal
communication). Both have primary amenorrhoea
and are 6i and 6i-5 in. in height respectively.
One has short IVth metacarpals and the other has
multiple pigmented naevi, but these are the only
Turner stigmata. They are thus phenotypically
similar to patients in the xx group.

The XS and XO!XS Groups. Minute abnormal
chromosomes, smaller than chromosome 22, have
been reported in association with gonadal dysgenesis
in at least i i patients. The clinical, chromosomal,
and sex chromatin findings make it almost certain
that they are abnormal sex chromosomes, but it is
not yet possible to establish cytologically whether
they are X or Y chromosome aberrations. Their
morphology varies from case to case; in some the
abnormal chromosome is metacentric, in others it
appears acrocentric, and in at least one case it is a
small ring chromosome. In 2 patients the karyotype
is XS without mosaicism, in 6 there is XO/XS
mosaicism, i patient has XOIXSIXXS mosaicism,
and another patient has XX XS mosaicism. All
patients are short in stature and Turner stigmata
are specifically described in 8 and stated to be
absent in none. The two XS patients show clitoral
hypertrophy and posterior fusion of the labio-
scrotal folds; in the XS patient submitted to laparo-
tomy, rudimentary testes were found at the ovarian
sites. Two of the 6 XO XS patients also showed
clitoral hypertrophy, and in one of these a rudi-
mentary testis was found on one side of the abdomen
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and a gonadal streak on the other; the two other
XO/XS cases submitted to laparotomy had bilateral
gonadal streaks. Of the two patients not included
in the Table on account of the special nature of
the mosaicism, the XO/XS/XXXS patient of
Fraccaro, Bott, Salzano, Russell, and Cranston
(I962) had Turner's syndrome with clitoral hyper-
trophy, and the XX/XS patient of Becker, Hayles,
and Albert (i963b) had short stature and shield
chest, but no other major Turner stigmata and no
masculinization.
The major implications of the findings in this

group are that the S chromosome is a very deleted
sex chromosome which sometimes carries male
determinants and (in these cases at least) is thus
probably a deficient Y chromosome. As all cases in
this group are short in stature, and most show
Turner stigmata, it follows that a structurally
abnormal Y may have similar phenotypic effects to
a structurally abnormal X; this situation is under-
standable on the hypothesis that there are loci on the
Y chromosome that are homologous with loci on the
X.

The XO/XY Group. The 22 patients with this
karyotype show a very variable phenotype: i6 were
reared as females and 6 as males. Though all have
abnormal gonadal development, there is no clear-
cut type, and the gonads vary from typical streak
gonads to sterile scrotal testes. Sex differentiation
is asymmetrical in 7 patients, a streak gonad
developing on one side and a rudimentary testis on
the other; i6 show masculinization of the external
genitalia. Turner stigmata and short stature
may or may not be present, the absence of the
latter appearing to be the only feature distinguishing
this group from the XOIXS group described above.

Unusual Karyotypes in Gonadal Dysgenesis.
Several unusual karyotypes have been described
which cannot be classified in any one of the above
groups and are not included in the Tables. Most of
these are represented by single cases, they all have
Y chromosomes, or Y chromosome aberrations, in
at least a proportion of cells, and their phenotypes
are as variable as in the XO/XY group.

(i) XO!XYY mosaicism was found in one patient
with the complete Turner's syndrome, without
masculinization (Jacobs et al., I96I), and in another
patient of normal height, with two undifferentiated
gonads and no uterus (Cooper, Kupperman, Ren-
don, and Hirschhorn, I962).

(ii) XOIXXIXY mosaicism is reported in a male
pseudohermaphrodite of normal height without
Turner stigmata (Schuster and Motulsky, I962).

The patient had a left gonadal streak and a right
rudimentary testis.

(iii) XOIXNY mosaicism was found in a male
pseudohermaphrodite with uterus, Fallopian tubes,
and bilateral rudimentary testes in place of ovaries
(Miles, Luzzatti, Storey, and Peterson, I962).

(iv) XXiIXXi'Y' mosaicism was found in a chro-
matin-positive, II-year-old boy with short stature,
Turner stigmata, and undescended testes (Oikawa
and Blizzard, I96I; Solomon, Hamm, and Green,
I964). The boy and his normal father had an
abnormal metacentric 'Y' chromosome, possibly
the result of a pericentric inversion.

(v) A Y chromosome aberration, interpreted as an
isochromosome for the long arm, is reported in two
patients; one is XYI (Court-Brown, Harnden,
Jacobs, Maclean, and Mantle, I964), the other is an
XOIXYIIXYIS mosaic (Klevit, Mellman, and Eber-
lein, I963). Both are of short stature. The XYI case
has Turner stigmata, streak gonads, and no mas-
culinization. The XO/XYI/XYIS mosaic has appa-
ently no Turner stigmata but has ambiguous
external genitalia, a right gonadal streak, and left
rudimentary testis.

(vi) XXIXY mosaicism is described in three
strikingly different patients. One is a woman with
streak gonads (Forteza, Bonilla, Baguena, Mon-
meneu, Galbis, and Zaragoza', I963), another is a
true hermaphrodite (Waxman, Gartler, and Kelley,
I962), and the third is a healthy man (Zuelzer,
Beattie, and Reisman, I964).

The XX Group. I5 patients were found with an
apparently normal XX karyotype associated with
evidence of gonadal dysgenesis with or without
short stature and Turner stigmata. These are listed
together in the Tables, though the possibility of sex
chromosome mosaicism, or undetected X chromo-
some deletion, cannot be entirely ruled out. The
group does not include the large number of XX
true hermaphrodites, the rare XX Klinefelter
patient (de la Chappelle, Hortling, Niemi, and
Wennstrom, I964; M. A. Ferguson-Smith, un-
published observations), nor the XX patient of
Shah, Naik, Mahajan, Dave, and Paymaster (I96I)
who shares features ofmale pseudohermaphroditism
and Klinefelter's syndrome.

The XY Group. Patients with gonadal dys-
genesis and an apparently normal XY karyotype
are of two classes. The first class (Group I in
Table I) consists of patients without Turner
stigmata and usually of normal height, who show a
wide variation in sex differentiation, apparently
depending on the degree of testicular development
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of the gonads. This group includes patients of
female phenotype with streak gonads ('pure gonadal
dysgenesis'), and male pseudohermaphrodites with
unilateral streak gonads or bilateral rudimentary
testes. The second class (Group II) are phenotypic
males with short stature and Turner stigmata (the
'male Turner syndrome'), several of whom have
germinal aplasia of the testes.

Parental Age. Although the number of infor-
mative cases is very small in several of the karyotype
categories, the mean parental ages listed in Table I
show no trend which might suggest that increased
maternal age is important in the aetiology of any
of the chromosome aberrations described. This is
in contrast to the findings in Klinefelter's syndrome
(Ferguson-Smith, Mack, Ellis, Dickson, Sanger,
and Race, I964b) where increased maternal age is
prominent in a high proportion of cases. There
may possibly be an increase in paternal age in the
XO/XXI group which, if confirmed, would be con-
sistent with the evidence from Xg grouping in seven
families that the isochromosome X is of paternal
origin (Lindsten, Fraccaro, Polani, Hamerton,
Sanger, and Race, I963; Ferguson-Smith et al.,
I964a). The findings in the XO group confirm the
lack of parental age effect previously reported in
63 chromatin-negative patients with Turner's syn-
drone (Boyer, Ferguson-Smith, and Grumbach,
I96I).

Discussion
Several implications of these karyotype-pheno-

type correlations are now considered-(a) mono-
somy of X- and Y-homologous loci is the usual
cause of Turner's syndrome; (b) Y chromosome
deficiency is a cause ofabnormal male differentiation
and intersexuality; (c) embryonic germ cell degen-
eration may play an important part in the patho-
genesis of gonadal dysgenesis; and (d) part of the
short arm of the inactivated X chromosome in
female somatic cells remains genetically active.

The Cause of Turner's Syndrome. In
patients who have a demonstrable chromosome
aberration, the karyotype-phenotype correlations
show that the aberration common to all those with
the complete Turner's syndrome is deficiency (or
monosomy) of the short arm of one X chromosome.
Thus non-mosaic XO, XXI, or Xx? cases have
Turner's syndrome, while Xx and Xxi cases do not.
In patients showing mosaicism of cells with XO,
XXI, or Xx karyotypes and cells with normal
karyotypes, there are variable phenotypes inter-
mediate between Turner's syndrome and normal.
In fact, most of the variants of Turner's syndrome
can be explained on the assumption that there is a
range of phenotypic expression from normal female
to Turner's syndrome and from normal male to
Turner's syndrome, depending on the degree of
sex chromosome deficiency intermediate between
XX and XO, and between XY and XO, respectively.
This sex chromosome deficiency is of two main
types (Fig. i): sex chromosome mosaicism and sex
chromosome deletion. In mosaic cases, it is con-
ceivable that the phenotype depends on the pro-
portion ofXO to normal cells in the various tissues
during differentiation. In the structural X aberra-
tion group, the phenotype clearly depends on the
extent and localization of the deletion, for the
complete Turner's syndrome occurs only when the
short arm of the X is deficient. The partial mas-
culinization seen in XS cases cannot easily be
explained except by assuming that the S chromosome
is a deficient Y. The Turner stigmata in these XS
cases must then be the result of deletion, not of an
X, but of a Y. It seems to follow inevitably that the
X and Y chromosomes have homologous loci, and
that monosomy for certain of these loci result in
short stature and Turner stigmata. In addition, the
postulated homologous loci must be in the short
arm of the X, as non-mosaic patients with long arm
deletions oftheX chromosome do not have Turner's
syndrome. Support for the existence ofhomologous
loci comes exclusively from the cytological observa-
tions of pairing between the short arm of the X and

NORMAL FEMALE )- TURNER'S SYNDROME < NORMAL MALE

A XX - XX/XO- --X-,XO<- XO/XY <- XY

B XX - ,- Xs - - XO < - Xy - - XY

FIG. i. Diagram illustrating the concept of variable sex chromo-
some deficiency in Turner's syndrome and its variants (y = a
deleted Y chromosome).

A. Variable deficiency due to sex chromosome mosaicism.

B. Variable deficiency due to sex chromosome deletion.
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one of the arms of the Y chromosome during meiosis
(Koller, I937; Sachs, I954; Ford and Hamerton,
I956; M. A. Ferguson-Smith, unpublished obser-
vations), for there is as yet no conclusive genetic
evidence of partial sex linkage in man (see Stern,
I960). However, the precocious condensation of
the XY sex bivalent during meiotic prophase
(reminiscent of X inactivation in female somatic
cells) may reduce crossing-over between pairing
segments.
The principal conclusions from the karyotype-

phenotype correlations in patients with demon-
strable structural sex chromosome aberrations may
be stated briefly as follows.

(i) Large deletions of any part of the X chromo-
some are usually associated with streak gonads.

(2) Monosomy of parts of the short arm of the X
(including certain of the presumptive Y-homolo-
gous loci) results in short stature and Turner
stigmata, whereas monosomy of the long arm does
not.

(3) Deletion of part of the Y chromosome may
lead to short stature and Turner stigmata (if certain
X-homologous loci are included) and a variable
failure of testicular development of the gonads, the
latter presumably depending on whether or not male
determinants are included in the deletion. (The
findings in the XYI case (p. 148) seem to suggest
that the postulated homologous loci are on the short
arm of the Y chromosome. Many more similar
cases, in which mosaicism has been excluded, are
required to prove this.)

(4) The expression of the Turner phenotype is
slightly less marked in XXI and XO/XXI cases
when compared with XO cases. In some cases, this
may be because some of the Y-homologous loci
nearest to the centromere are not included in the
deficiency accompanying the formation of the pre-
sumed isochromosome.

It is theoretically possible that undetected
mosaicism, or small deletions involving the postu-
lated X- and Y-homologous loci at present beyond
the resolution of the microscope, may be shown in
future to be the cause of short stature and Turner
stigmata in patients with apparently normal XX
and XY karyotypes; such a mechanism would ex-
plain the so-called 'male Turner syndrome'
(Group XY [II] see Table I). To explain satis-
factorily the occurrence of two affected XX sibs
with streak gonads and short stature, where the
parents are normal and consanguineous (Josso, de
Grouchy, Frezal, and Lamy, I963), homozygosis
for a small deletion or mutation involving the
Y-homologous loci might be postulated; an alter-
native possibility is homozygosis for an autosomal

mimicking mutant. Homozygosis for a large
deficiency of the X chromosome is probably lethal
because OY, XIY, and XY sex complements are
unknown, and because in XX and XXI individuals
the abnormal X is always the inactivated X (p. I52).
As monosomy of the X- and Y-homologous loci

seems to be the important defect in the Turner
group of patients, it is conceivable that trisomy for
these loci might produce phenotypic effects that are
shared by XXX, XXY, and XYY individuals. This
expectation appears to be confirmed at least by the
demonstration of a high incidence of mental retard-
ation in all three sex chromosome aberrations.
Table I shows that, in the Turner group, the
incidence ofmental retardation is comparatively low.
An alternative theory has been proposed to

explain the Turner phenotype in XO and XXI
patients (Gartler and Sparkes, I963). This is based
on the evidence that the isochromosome X is always
the inactivated X, and on the hypothesis that
inactivation of one or other of the X chromosomes
is determined at random in different cells (p. 152).
Thus, XO cells with the X inactivated, and XXI
cells with the normal X inactivated, would be
effectively homozygous deficient for a large part of
the X, a situation incompatible with survival. If
sufficient cells were lost embryonic death might
result. Smaller amounts of cell loss might lead to
short stature and malformation. However, the
theory has several drawbacks; for example, it
does not explain why the syndrome occurs in XX
and XY individuals, nor why the brain, for instance,
should remain normal in XO individuals while the
musculo-skeletal system is invariably abnormal.
The theory also appears to be contradicted by the
findings in the Xx individuals. According to the
theory, one would expect that random inactivation
in an X'- individual would lead either to short
stature due to loss of cells with the normal X inacti-
vated or, if these cells were viable, to the develop-
ment of a normal phenotypic female whose somatic
cells showed mosaicism for normal-sized and small
sex chromatin bodies. The finding of only small sex
chromatin bodies and normal stature seems to be
convincing evidence against this theory. None the
less, the theory provides an attractive explanation
for the apparently preferential inactivation of
markedly deficient X chromosomes.

Role oftheY Chromosome in Male Differen-
tiation. It is now widely accepted that in man the
principal factors controlling sex determination are
male determinants carried by the Y chromosome.
Thus, testes are found in individuals with XY,
XXY, XXXY, and XXXXY karyotypes, but not in
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individuals with only XO, XX, XXX or XXXX
karyotypes. The evidence from the karyotype-
phenotype correlations shows that in this series of
patients a degree of testicular development (i.e.
gonads intermediate between complete testes and
'streaks') exists only in persons who have a Y
chromosome, or Y chromosome aberration, in at
least a proportion of cells. This suggests that a
quantitative deficiency of the Y chromosome may
lead to incomplete male determination, and thus be
a cause of defective testicular development.
The embryonic castration experiments of Jost

(1947, I958) and others show that in mammals male
differentiation of the genital ducts and masculiniza-
tion of the external genitalia depends on the sup-
pression of the Miillerian ducts, and stimulation of
the Wolffian ducts and external genitalia, by the
embryonic testes. Destruction of the undifferenti-
ated embryonic gonad before a critical stage of
gonadogenesis produces female sex differentiation
irrespective of genetic sex. Unilateral gonadal
destruction in a male embryo produces female
differentiation of the genital ducts on the same side.
Variation in the timing and extent of testicular
destruction produces types of sex differentiation
intermediate between male and female.

Gonadal dysgenesis in man may be considered
to be a natural counterpart of the embryonic castra-
tion experiments. The gonada] abnormality may be
caused in an embryo either by extrinsic damage
(independently of karyotype), or by germ cell
degeneration due to an abnormal X chromosome
complement (see below), or by a deficiency of the
Y chromosome. Whatever the cause, the effect in
terms of differentiation of the genital ducts is the
same as embryonic castration. In this context, the
streak gonad is analogous to the gonad destroyed
by early castration. It is incapable of inducing
masculinization even though a Y chromosome is
present, and is therefore always found in association
with a uterus and Fallopian tube. Gonadal dys-
genesis in patients without a Y chromosome is,
of course, always associated with female genital
ducts. But in individuals with a Y chromosome (or
part of a Y chromosome) in a proportion of cells,
there may be testicular development to an extent
that may or may not be capable of inducing male
differentiation of the genital ducts and masculiniza-
tion of the external genitalia, and that thus may or
may not be associated with uterus and Fallopian
tubes.
The only apparent exceptions to this concept of

human sex differentiation are the true hermaphro-
dites and Klinefelter patients with an XX karyo-
type and the XX male pseudohermaphrodite

described by Shah et al. (I96I). Masculinization of
the external genitalia may also occur in patients with
gonadal dysgenesis who have no Y chromosome, as
a result of a virilizing gonadal tumour (e.g. Warren
et al., I964).

Role of Germ Cells in the Pathogenesis of
Gonadal Dysgenesis. There is considerable
evidence that the successful migration of germ cells
from the primitive gut and their presence in the
genital ridge is necessary for normal ovarian develop-
ment (see Dantchakoff, I950; Jost, 1958; Jones,
Ferguson-Smith, and Heller, I963). Recently, this
important role of germ cells in gonadal development
has been greatly strengthened by the experiments
of Hemsworth and Jackson (i963a, b). They
demonstrated that if busulphan is administered to
pregnant rats on or about the I3th day after in-
semination, i.e. at the time of migration and pro-
liferation of the embryo's germ cells, these are
destroyed, so that female offspring are born with
sterile atrophic ovaries and males with sterile testes.
The striking similarity of these ovaries to streak
gonads, and of the testes to the prepubertal testes
with germinal aplasia in XXY humans (Ferguson-
Smith, 1959) and in XXY mice (M. F. Lyon, i963b,
personal communication), suggests that at least some
types of abnormal sex chromosome complements
lead to germ cell degeneration.

This state of affairs is interpretable on the
X-inactivation theory (Lyon, I96I, I962, i963a;
Beutler, Yeh, and Fairbanks, I962), which asserts
that during early embryogenesis one or other of the
two X chromosomes in female somatic cells becomes
genetically inactivated at random. Of particular
relevance here is the finding in mammals that
oogonia, in contrast to somatic cells, at no time show
sex chromatin (Ohno, Kaplan, and Kinosita, I960);
this suggests strongly that both X chromosomes
are genetically active in oogonia, and that oogonia
require two active X chromosomes for their normal
development. In fact, this absence ofX inactivation
in female germ cells may reflect the important
difference between germ cells and somatic cells,
though at present there is no such direct evidence
of a comparable difference in normal males. If
embryonic germ cells do not normally undergo
X inactivation, it is probable that they are more
susceptible than somatic cells to genetic imbalance
produced by abnormal sex chromosome comple-
ments. This would be a satisfactory explanation of
the usual absence of germ cells in most patients with
streak gonads, and in the testes ofmale patients with
sex chromosome aberrations (e.g. Klinefelter's
syndrome).
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The occasional survival of a limited number of
germ cells in XXY and XO persons, and the
observations of fertility in non-mosaic XXX and
XYY persons, require further explanation. As
all known offspring ofXXX and XYY patients have
normal sex chromosome complements, it is possible
that non-disjunctional events involving the sex
chromosomes during proliferation of the germ cells
have led to the selection and survival of a small
proportion of germ cells with normal sex chromo-
some complements. Precedence for this type of
mechanism has been demonstrated recently by a
study of oogenesis in the creeping vole, Microtus
oregani (Ohno, Jainchill, and Stenius, I963). The
sex chromosome constitution of the normal female
in this species is XO, but XX oogonia are produced
by a process of selective non-disjunction.

Other varieties of gonadal dysgenesis are prob-
ably adequately explained by factors such as Y
chromosome deficiency, or deleterious agents acting
through the mother to cause defective testicular
development; it is significant that germ cells may
or may not be absent in these cases (see Bergada
et al., i962a; Bergada, Cleveland, Jones, and
Wilkins, i962b).

Structural X Aberrations and the X-in-
activation Theory. In patients with structural
X chromosome aberrations it now appears that the
abnormal X chromosome is always the inactivated
one. For the abnormal X is consistently the sex
chromatin-forming X (Maclean, I962; Ferguson-
Smith, I962), and DNA labelling studies show that
it is also always the late-replicating X (Muldal,
Gilbert, Lajtha, Lindsten, Rowley, and Fraccaro,
I963; Giannelli, I963). Therefore, according to
the Lyon principle, one might not expect there to be
phenotypic differences between XO, XXI, XX, or
Xx individuals. The fact that there are important
phenotypic differences requires explanation, and it
seems that there are several alternative possibilities.
These are that both X chromosomes are genetically
active in the early embryo, or that inactivation does
not involve the entire X chromosome, or that both
these factors operate.
The first of these explanations is based on the

observation that sex chromatin does not appear in
the early embryo until the i6-i8th day (Park, I957);
presumably both X chromosomes are active until
then, and it is conceivable that an X chromosome
abnormality acting before then might disturb
normal embryogenesis and lead to permanent effects
on the adult phenotype. However, both cytological
and genetic evidence seem to favour the explanation
that part of the inactivated X always remains

genetically active. In addition, they suggest that
the active part is in the short arm. The cytological
evidence comes from estimations of the relative
size of the sex chromatin body in XXI, XXR, XN,
and XX individuals, which indicate that part of the
short arm of the sex-chromatin-forming X is
euchromatic (Maclean, i962). The genetic evidence
is derived from studies which attempt to demonstrate
a mosaic pattern of activity in the somatic cells of
women heterozygous for X-linked alleles (on the
principle that inactivation affects one or other of the
X chromosomes at random). The X-linked locus
for glucose-6-phosphate dehydrogenase (G6PD)
has been shown conclusively to demonstrate this
mosaic pattern of activity (Davidson, Nitowsky, and
Childs, I963), but the locus for theXga blood group
has been shown not to demonstrate mosaicism
(Gorman, Dire, Treacy, and Cahan, I963), implying
that of the two only the locus for G6PD is inacti-
vated. Xg grouping in families of XXI cases
(Lindsten et al., I963; Ferguson-Smith et al.,
I964a), when taken in conjunction with the results
of Gorman et al. (I963), provide strong evidence
that the Xg locus is on the short arm of the X
chromosome, and thus that part of the short arm
escapes inactivation.
The karyotype-phenotype correlations show that

in patients with streak gonads, there is very little
difference in phenotype between XX and XI
individuals, or between XO, XxR, and XXI indivi-
duals. Thus the presence of the short arm of the
inactivated X chromosome is much more important
in terms of the phenotype than the long arm. This
again suggests that part of the short arm of the
inactivated X escapes inactivation,, whereas most of
the long arm does not.

All these observations seem consistent with the
hypothesis that there are loci in the short arm of
the X chromosome, which escape X-inactivation,
which are homologous with loci in the Y chromo-
some, and which lead to Turner's syndrome when
present in only single dose.

Summary
307 patients with gonadal dysgenesis and a

variety of sex chromosome aberrations have been
assembled from the literature in order to assess
possible correlations between the chromosomal and
clinical findings.

It is found that monosomy of the short arm of the
X chromosome is the decisive factor in the causation
of short stature and congenital malformations in
Turner's syndrome. However, some patients with
probable Y chromosome aberrations also show short
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stature and Turner stigmata, in addition to defective
testicular development with ambiguous genitalia.
Evidence is presented in support of a hypothesis
that there is a range of phenotypic expression from
normal female to Turner's syndrome, and from
normal male to Turner's syndrome, depending on
the degree of sex chromosome deficiency inter-
mediate between XX and XO, and XY and XO
complements respectively. The karyotype-pheno-
type correlations show that the sex chromosome
deficiency is of two main types, sex chromosome
mosaicism, and deletion of the X or Y sex chromo-
somes. A necessary requirement of the hypothesis
is that the deficiency involves X- and Y-homologous
loci, and the evidence for the existence of these is
presented. The findings suggest that part of the
short arm of the inactivated X chromosome, in-
cluding postulated Y-homologous loci, is genetically
active in female somatic cells.
The karyotype-phenotype correlations are dis-

cussed in relation to theories of male differentiation
of the genital ducts and external genitalia, and in
relation to the role of embryonic germ cell degenera-
tion in the pathogenesis of streak gonads and sterile
testes.

I am indebted to Dr Mary F. Lyon, Dr Bernard
Lennox, and Dr James H. Renwick for helpful dis-
cussion during the preparation of the manuscript, and
to Professor Paul E. Polani, Drs K. L. Becker, J.
Farquhar, J. de Grouchy, J. Lindsten, and T. N.
MacGregor for kind permission to include unpublished
information about their patients. The study was
supported by Research Grants 5804 and 7841 from the
U.S. Public Health Service.
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