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X-linked retinitis pigmentosa
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Introduction

FREQUENCY

Nettleship (I908) published a careful analysis of the
relative frequencies of male and female involvement
in retinitis pigmentosa. Of I,38I affected individuals
which he collected from the previous literature, 6i 2
per cent. were male and 38'8 per cent. female. He felt
that this preponderance ofmales was not due to failure
of affected females to seek advice, since the same fre-
quency distribution was recorded in families in which
the complete sibship was known. Neither was this
discrepancy due to an excess of males to females born
to families, and Nettleship thought that the prepon-
derance of affected males reflected, in some way, the
greater susceptibility of men to suffer disease. This
excess ofmales was seen in all age groups up to the age
of 70 years, but above that age the sex distribution
was equal. This sex distribution of the disease has been
found by several other workers (Bell, 1922; Usher,
1935; Kjerrumgaard, 1948), and recent surveys of
blind populations confirm this trend. Sorsby (I966)
found that 59 5 per cent. of the population ofEngland
and Wales registered as blind or partially sighted be-
cause of retinitis pigmentosa and allied disorders were
male. The discrepancy was most marked in the third
and fourth decades of life at which ages the difference
reached the 00 I level of significance. Fine (I968),
in a survey of blind and partially sighted children,
found a similar excess of males over females with in-
herited retinal disease.

Such an excess of males over females suggests that
a significant proportion of cases had X-linked disease
(Duke-Elder and Dobree, I967). However, most stud-
ies on the relative frequency of different genetic types
appear to demonstrate that X-linked disease is rare.
Ammann and co-workers estimated that only i per
cent. of cases had inherited retinitis pigmentosa in an
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X-linked manner (Ammann, Klein, and Franceschet-
ti, I965), and Fran§ois (I96I) reported the frequency
to be 4.5 per cent.

Preliminary investigations in London (Jay and
Bird, 1973) indicated a much higher frequency of X-
linked disease than that found in previous studies, and
corresponded well with the figure of 25 per cent. that
one might expect from the sex distribution of the
disease found by Nettleship (1908). It was the purpose
of this study to verify the frequency distribution of this
genetic type of retinitis pigmentosa in London.

In order to test X-chromosome linked inheritance,
it is essential to identify accurately and completely the
distribution of the abnormal gene in the family. This
is particularly important in families in which the
known pedigree is small. Unfortunately the distribu-
tion of this X-linked gene within a family cannot be
documented by testing for the blood group Xg since
the locus for Xg is not close to that of retinitis pig-
mentosa (Klein, Franceschetti, Hussels, Race, and
Sanger, I967). Men who are hemizygous for the ab-
normal gene have severe disease and can be easily
recognized by examination and from information of
relatives, but it is equally important to be able to rec-
ognize women who are heterozygous for the abnormal
gene.

PHENOTYPE IN HETEROZYGOUS FEMALES

According to classical mendelian genetic theory,
females with a single abnormal X-linked gene should
show no phenotypic changes in respect of that gene,
if it is recessive to the normal allele. Recently, how-
ever, several examples have been described of struc-
tural and functional abnormalities in females which
can be ascribed to a single abnormal X-linked gene
(McKusick, I962).

Before 1948 few families with X-linked retinitis pig-
mentosa were described (Seggel, I884; Gonin, 1902;
Nettleship, I909; Diem, 1914; Bell, 1922; Gasalla,
193 I; McQuarrie, I 935; Usher, 1935; Janssen, 1938).
The first family to appear in the English literature
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was described by Nettleship ( o909). Bell (I 922) added
another affected member to this pedigree and Usher
(I 935) a further five. In this family, no retinal degener-
ation was recorded in the heterozygous females to in-
dicate the presence of the abnormal gene, though it
was noted that some were myopic. From Usher's pedi-
gree (1935, Fig. 79) it is evident that myopia did not
necessarily accompany the gene for retinitis pigmen-
tosa, and was not a sign of the heterozygous state, since
one unaffected male (IV/ i i) was myopic and three
heterozygous females were not myopic. However, in
a few of the early families, heterozygous females
appeared to have pigmentary degeneration in the
fundus (McQuarrie, I 935; Janssen, I 938).
There was renewed interest in this condition after

the report of Falls and Cotterman (1948), in which a
family with twelve heterozygous females was described.
All these heterozygotes had a prominent "tapetal re-
flex", and peripheral pigment epithelial thinning was
seen in seven. Profound visual loss in heterozygous
women was first recorded by McKenzie (I95i). He
studied a family in which there was very strong evi-
dence that retinitis pigmentosa had been inherited as
an X-linked disease, and yet there were two females
who became blind in the ninth decade of life, and two
younger women with less severe but symptomatic
visual loss. Eight females in this family appeared to
have transmitted the gene to their sons without them-
selves having symptoms of visual loss. McKenzie con-
cluded that the gene was usually recessive in the
female, but was of sufficiently high penetrance to
cause the disease to appear in a proportion of the
females carrying it. He also noted that the disease
appeared later and developed more slowly in females
than in affected males.

Kobayashi (I960) described a family with even
more frequent involvement of the females by the
disease. In this family, five heterozygous women had
retinitis pigmentosa, eleven had some stigmata of the
disease, though in an attenuated form, and at least
four were normal. No accurate analysis was made of
the comparative severity of the disease in men and
women, though he stated that female patients were
affected more mildly than males. Kobayashi thought
that the gene involved was dominant in character,
and distinct from the X-linked gene which usually
transmits retinitis pigmentosa.
Equal affection in males and females was found by

Heck (I963) in a family with retinitis pigmentosa
which he thought was inherited in an X-linked man-
ner. However, conclusive genetic data is lacking, since
affected males in the family had only four sons. The
disease could equally well have been due to an auto-
somal dominant gene with reduced penetrance, since
presumed heterozygous females had 24 male children
of whom only five were affected. The difference be-
tween the number of affected and non-affected sons
of affected women is statistically highly significant

(probability less than Oooi).
With the growth of genetic counselling, several

workers have tried to identify more accurately the
nature of the retinal abnormalities in heterozygous
women. The need to identify the heterozygous state
has been stimulated by the increasing desire ofwomen
in these families to know whether or not they were at
risk of having affected children.
As early as I914, Diem reported abnormal fundus

reflexes in females heterozygous for X-linked retinitis
pigmentosa. In subsequent years, abnormal fundus
reflexes were reported in different genetic forms of
retinitis pigmentosa and were referred to as "tapetal
reflexes" (Mann, 1937).

Falls and Cotterman (1948) found that this abnor-
mal tapetal reflex was the most common expression
of the heterozygous state in their family, and others
have emphasized the importance of this ophthalmo-
scopic sign (Weiner and Falls, I955; Roberts, I959;
Francois, I962; Ricci, Ammann, and Franceschetti,
I963; Goodman, Ripps, and Siegel, I965; Hussels,
I967; Warburg and Simonsen, I968; Krill, I969).
Ricci and others (I963) reported that this reflex could
not be seen after exposure of the fundus to light, and
reappeared after a period ofdarkness. They called this
the phinomene de Mizuo inverse.
However, Schappert-Kimmijser (I963), in the

largest study to date, could identify this abnormal re-
flex in females of only one family out of eight, and
concluded that, while this sign might be useful when
present, no conclusions could be drawn when the re-
flex could not be identified. An attenuated form of the
retinal degeneration was a much more common find-
ing in heterozygotes who were frequently asympto-
matic. The ocular defects recorded included fundus
changes, visual field defects, abnormal final.dark adapt-
ation thresholds, and reduction of both electroretino-
gram potential and light-induced rise in the stand-
ing ocular potential. Of the 57 heterozygous females
documented, 22 were normal in all respects, eighteen
had minor changes without visual loss, fourteen had
significant visual defects and obvious ocular changes,
and three were approaching blindness.
Hoare (I965) came to the same conclusions 2 years

later. Three out of six proven heterozygotes had pig-
mentary fundus changes, though only one was symp-
tomatic. He noticed no abnormal tapetal reflex in any
of the proven heterozygotes, or in twelve daughters of
the heterozygotes. (This family is of interest in that a
member presented at the Genetic Clinic of Moorfields
Eye Hospital, and is included in this study: P392).
More recently Imaizumi, Takahashi, Atsumi,

Takahashi, Shoji, Yamada, Imaizumi, and Mita
(I970) found a much higher incidence of abnormali-
ties in heterozygous females. They examined six heter-
ozygous females in a single family, and all had mild
fundus changes though none had symptoms of visual
loss.
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During the last 4 years more sophisticated tests of
function have been carried out in order to detect mild
retinal dysfunction in heterozygous females. Berson
and Goldstein (1970) measured the early receptor
potential (ERP) in two heterozygotes with only minor
peripheral pigmentary changes and slightly elevated
final dark adaptation thresholds. In both females the
ERP was reduced by 50 per cent. While this may be
instructive in localizing the level of the early disease,
changes in the ERP have not yet been shown to indi-
cate the presence of the abnormal gene at a time when
there were no other detectable structural or functional
ocular changes.

Attempts have been made to estimate rhodopsin
concentration in the retina of heterozygous females
(Bird and Highman, 1972; Highman and Weale,
1973). In one female (Bird and Highman, 1972) this
undoubtedly indicated abnormal retinal function
when there were minimal fundus changes to indicate
that she was heterozygous for the abnormal gene.

It would appear that improved examination tech-
niques in recent years have resulted in the detection
of ocular abnormalities in a higher proportion of
females who are heterozygous for the X-linked gene
for retinitis pigmentosa. In these females pigmentary
retinal degeneration tends to be localized until late
in life, occurring in the pre-equatorial fundus and
corresponding to field defects peripheral to the charac-
teristic ring scotoma seen in retinitis pigmentosa
(Berson, Gouras, Gunkel, and Myrianthopoulos,
I969). With only minor changes in the fundus, the
implicit time and amplitude of the a-wave and b-wave
of the electroretinogram are normal, suggesting
localized rather than generalized retinal dysfunction
(Berson, and others, I969). Pronounced elevation of
the final threshold of dark adaptation has rarely been
recorded in early disease, and Krill (I967) could de-
tect no evidence of localized deficit ofdark adaptation
by scanning.

In female heterozygotes, the retinal dystrophy is
usually remarkably synunetrical (Warburg, 1971),
though gross asymmetry has been described (Mc-
Kenzie, 195I; Jay and Bird, 1973).
A large part of this study was concerned with docu-

mentation of the ocular status of heterozygous women
and subsequently, by using this knowledge, to docu-
ment gene distribution within each family and to
prove X-linked inheritance of the disease.

Material

During the period between July, I969, and August, I 973,
655 patients were referred to the Genetic Clinic at Moor-
fields Eye Hospital. The patients were referred by col-
leagues in Moorfields Eye Hospital or from ophthalinolo-
gists and family doctors in South-east England. Of these,
107 either had retinitis pigmentosa with a typical history
of poor dark adaptation early in the disease followed by

symptoms of field loss, and in severe cases by loss of visual
acuity, or had relatives with retinitis pigmentosa.
A diagnosis of autosomal dominant disease was made in

28 families, autosomal recessive in thirteen, and X-linked
in 23. In 43 cases the mode of inheritance was uncertain
because the family history was not known (for example,
the family included adopted children), or no other affected
members of the family were known and there was no con-
sanguinity of the parents.
The families of the 23 patients with apparent X-linked

retinitis pigmentosa were the subject of this study. In thir-
teen families the propositus was a male with symptoms of
retinitis pigmentosa, and in ten the propositus was a female,
presenting late in life with visual loss or in the second or
third decade of life wishing to know her chances of having
affected children. In eighteen families both males and
females were examined. In two families females only were
examined. In one of these (P458), retinitis pigmentosa had
been diagnosed elsewhere in a male, and in the other there
were many males with a typical history of retinitis pig-
mentosa. In three families, males only were seen, in one of
these other males and females had been seen elsewhere
(P392), and in the other two there were apparently un-
affected females who had transmitted the disease.
A total of 42 affected males and 6I proven, presumed,

and possible heterozygous females were examined.

Methods

At the Genetic Clinic the family history of the disease was
recorded from information given by the propositus. Further
details of the pedigree were obtained at the time of a
second visit by the propositus, by postal enquiry ofrelatives,
or by house visits to relatives.
Those relatives of the propositus likely to provide

information about the nature of the disease were invited to
attend the Genetic Clinic and inquiries continued until a
firm generic and genetic diagnosis had been made.

Affected males over the age of I0 years could usually be
recognized from the history given by a relative, and could
always be recognized after a brief clinical evaluation.

Identification of heterozygous females was much more
difficult. Females with affected sons were designated proven
heterozygotes, daughters of affected males were designated
presumed heterozygotes, and daughters of heterozygous
females were designated possible heterozygotes. Ocular
function and fundus morphology were recorded as carefully
as possible to verify the presence or absence of the abnor-
mal gene, and to determine the phenotypic expression of
the heterozygous state.

VISUAL ACUITY

This was measured with appropriate spectacle correction,
using a Snellen's test chart at 6 metres.

VISUAL FIELDS

These were recorded using a Goldmann perimeter. All
fields were recorded with a 1/4 white kinetic target when-
ever possible, and larger or dimmer targets were used sub-
sequently as appropriate.
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FUNDUS MORPHOLOGY

The fundi were examined with the pupil dilated by direct
and indirect ophthalmoscopy, and the following features
were recorded:

Presence or absence of a tapetal reflex;
Irregularity of the background fundus colour due to
pigment epithelial changes;
Presence or absence ofpigment migration into the retina.
In cases in which there was doubt as to normality of the

pigment epithelium, fluorescein fundus angiography was
performed. 5 ml. 20 per cent sodium fluorescein were in-
jected into the antecubital vein, and photographs were
taken at intervals of I second during the initial transit,with a
Zeiss fundus camera using Ilford FP4 film. A Baird Atomic
B4 interference filter with an 8o per cent transmission at
4,800 A and a broad transmission band of 400 A was used
for excitation, and an Ilford I IO gelatin filter was used as
a barrier.

DARK ADAPTATION

This was measured in the Electrodiagnostic Clinic, Moor-
fields Eye Hospital, using a Goldmann-Weekers dark adap-
tometer. The test was performed with the pupils dilated.
Both eyes were preadapted for 5 min. using two 60-watt
bulbs to illuminate the bowl of the adaptometer. One eye
was then covered while the threshold of the other was
measured with a white circular stimulus which subtended
an angle of I I1 at fixation, and which flashed once per
second in an otherwise darkened room. Testing continued
for at least 25 min. until the final threshold had been
reached. At this point the threshold of the other eye was
measured.
A threshold of o-5 log units (Goldmann-Weekers chart)

was considered normal, and abnormal levels were noted
in log units above the normal final threshold.

ELECTRO-OCULOGRAPHY (EOG)
The light-induced rise in ocular potential was measured in
the Electrodiagnostic Clinic, Moorfields Eye Hospital,
using the technique described by Arden, Barrada, and
Kelsey (1962).
Each eye was monitored using silver/silver chloride

electrodes over the orbital margin opposite the medial and
lateral canthi. The potential changes were recorded by a
Medilec MS6 using a low frequency cut-off of o-8 Hz
(equivalent to a time constant of 200 msec.), and a high
frequency cut-off of I6 Hz (equivalent to a time constant
of IO msec.). The potential changes were measured during
300 eye movements for Io sec. in each minute for I2 min.
in darkness, and subsequently for I 2 min. whilst illumina-
ted by eight 80-watt universal white fluorescent bars at 2
metres.
The light rise was noted as a comparison of the lowest

potential in darkness and the highest in light, the second
being quoted as a percentage of the first.

After the original survey of Arden and Barrada (I962),
it was thought that i85 per cent. was the lower limit of
normality, though Kelsey (I969) suggested a less rigid
approach. He stated that a light rise greater than i85 per

cent. was normal, between I85 and I50 per cent. was sub-
normal, and below I50 per cent. was abnormal.

ELECTRORETINOGRAPHY (ERG)

The electroretinograms were recorded in the Electro-
diagnostic clinic, Moorfields Eye Hospital. The test was
performed with the pupil dilated. The sensing electrode
was silver wire in the limbal area of a haptic contact lens
which was soaked in a o09 per cent. solution of sodium
chloride in I per cent. methyl cellulose. Reference and in-
different electrodes were silver/silver chloride skin elec-
trodes attached respectively over the lateral orbital margin
of the same eye and in the centre of the forehead. The sig-
nal was amplified and recorded by a Medilec MS6 which
was triggered by the flash, using a high frequency cut-off
of 32 Hz (equivalent to a time constant of 5 msec.), and a
low frequency cut-off of o-8 Hz (equivalent to a time
constant of 200 msec.). Single sweeps and averages of ten
sweeps at I Hz were recorded. The stimulus was a xenon
flash of0-22 joules output with a peak illumination lasting
4 ,sec. and an exponential decay of 25 psec., which was
placed 30 cm in front of the eyes. The ERG was recorded
in light conditions, and then after 5 min. and IO min. in
darkness. Only the io-minute record was used in this study.
The amplitudes of the a-waves were measured. Kelsey

(I969) thought that the great variability of the a-wave
potential precluded the determination of a lower limit of
normal. He thought that a b-wave of less than i5o ,volts
was probably abnormal and that a b-wave of less than
IOO pvolts was certainly abnormal. These criteria were
used in this study.
As the study progressed, it became evident that ocular

dysfunction would not be detected by ERG if other tests
were normal. Since this examination caused more discom-
fort than other tests it was not performed on all patients.

RETINAL RHODOPSIN CONCENTRATION ESTIMATION

This was performed by Dr. V. Highman and Prof. R. A.
Weale in the Department of Visual Sciences, Institute of
Ophthalmology, London; the technique used has been
fully described (Highman and Weale, I973).

After 30 min. dark adaptation, a strip of retina i8° from
the fovea was bleached for IO sec. using a xenon lamp.
Immediately after the bleaching, the optogram was photo-
graphed through blue-green filters (Ilford 302 and 102).
Retinal rhodopsin concentration was estimated by measur-
ing the double density difference between bleached and
non-bleached retina as recorded on the photograph.

Results

The pedigrees of the families studied are shown in
Fig. i, and examples of the fundus changes and visual
fields of heterozygotes from P22 and P396 are illustra-
ted in Figs 2 and 3 (all overleaf).

Ocular disease in hemizygotes and heterozygotes

Hemizygous males had visual loss of early onset.
Symptoms due to loss of dark adaptation occurred
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within the first decade of life, reduction of visual field
was noticed in the second decade, and loss of visual
acuity by 20 years. Severe visual incapacity was almost
universal by the age of 40 years. One male (P596/IV/
I2) was a unique exception in this series and yet his
disease was much worse than that of his female rela-
tives.

All males had typical retinitis pigmentosa with pig-
ment epithelial atrophy, migration of pigment-laden
cells into the retina, optic atrophy, and narrowed
retinal blood vessels. Atrophy of the choriocapillaris
occurred late in the evolution of the disease at a time
when the patient was blind or nearly blind.
Of the 6 I females seen, nineteen were proven heter-

ozygotes and fifteen presumed heterozygotes, and all
of them had evidence of fundus disease.
Of 23 possible heterozygotes, fourteen had evidence

of fundus disease and nine were normal. Of the four-
teen with fundus changes, three presented with symp-
toms related to retinal degeneration.
One female seen was the daughter ofa possible heter-

ozygote who was not examined and she was normal.
The remaining three were daughters of possible

heterozygotes in whom no abnormality had been
shown and these three were also normal.

Results of a detailed analysis of fundus morphology
and ocular function in the 48 heterozygotes are shown
in Table I and a summary is shown in Table II.

In mildly-affected subjects, fundus changes were
restricted to the peripheral fundus, and consisted of
irregularity ofpigmentation in the pigment epithelium
in restricted segments with or without associated mi-
gration ofpigment-laden cells into the retina (Figs 2b,
3d). In the least severe cases the changes were restric-
ted to the pre-equatorial fundus. Fluorescein angio-
graphy proved helpful in confirming loss of pigment
of the pigment epithelium in affected areas (Figs 2c,
2f, 3e, 3f). In more severe cases widespread abnorma-
lities were seen, which in some were restricted to a
single sector or hemisphere (Fig. 2e). Profound and
localized atrophy of the choroid was seen in the peri-
pheral fundus in some advanced cases (Fig. 3b). A
prominent fundus reflex was seen in several young
heterozygotes but was indistinguishable from the nor-
mal fundus reflex of the young. In only one case
(P633/IV/I3) was a prominent reflex seen in an older
heterozygote which was undoubtably abnormal. In
one family (P336) glistening white reflexes were seen
in the midperipheral fundus of some heterozygotes
(LV/3, V/i, and V/7), but this change was not seen in
all heterozygotes in this family. Though the most
severe disease was seen in older women, two of five in
the second decade of life and two of nine in the third
decade of life had more extensive changes than simple
peripheral pigment epithelial atrophy.

Field loss was found in 35 of36 heterozygotes tested.
The visual loss corresponded to the visible fundus ab-
normalities, and consisted most commonly of irregu-

lar peripheral loss (Figs 2a, 3c), with mid-zone loss,
sectoral loss (Fig. 2d), and severe restriction (Fig. 3a)
in the more severe cases. The most severe loss was seen
in older women, though two heterozygotes in the
second, and two in the third decades of life, had more
than peripheral loss.
Dark adaptation was abnormal in 32 out of 37

heterozygotes tested. Normal dark adaptation was not
restricted to the young, since normal final thresholds
were found in one of four in the fourth decade of life
and two of eight in the fifth decade.
The EOG was less helpful, since fifteen of 42 tested

had a normal light-induced rise in potential even in
cases in whom fundus abnormalities, field loss, and
loss of dark adaptation had been recognized.

In no case did depression of the b-wave potentials
alone indicate abnormal ocular function. All eleven
with depression of the ERG had easily recognizable
fundus changes, field loss, and abnormal dark adap-
tation.
Fundus examination, visual field testing, and rise

in the final threshold of dark adaptation were found
to be most common indices of involvement by the
disease, whereas electro-oculography and electro-
retinography were relatively less helpful.
While the disease was more severe with increasing

age, great variability of severity was recorded from
one heterozygote to another at similar ages. No ob-
vious association such as refractive error or iris colour
was noted with severe disease, which was present in
heterozygotes in all large families and all had mildly
affected heterozygous relatives.
The severity and pattern of disease was remarkably

symmetrical in all heterozygotes except one (P563/
III/9), who had severe disease in both eyes but loss of
central retinal function in one eye only. Two hetero-
zygotes (P439/V/3; P396/V/7) appeared to have reti-
nal degenerative changes in one eye only, and those
were very mild.

Retinal rhodopsin concentration was estimated and
the following results were obtained:

P336/IV/3: 66 per cent. below normal levels;
P336/V/I: 50 per cent. below normal levels;
P336/V/2: 50 per cent. below normal levels;
P396/V/7: 40 per cent. below normal levels;
P478/V/69: 6o per cent. below normal levels;
P478/VI/25: 6o per cent. below normal levels;
P546/IV/I: go per cent. below normal levels.

A chromosome count was performed by Prof. P. E.
Polani at Guy's Hospital on P336/V/4 and a normal
complement of chromosomes was found.
A comparative analysis was made of ocular involve-

ment by the disease in heterozygotes and hemizygotes
using visual acuity as an index of involvement. Re-
duced acuity indicates a distinct stage of the disease at
which the cones become affected in sufficient numbers
to depress form vision. The results (Fig. 4) demon-
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strate the rapid loss of visual acuity during the third
and fourth decades of life in hemizygotes. By contrast,
only a few heterozygotes lost visual acuity and then
only in late life. Of the 48 female heterozygotes seen,

only three had vision worse than 6/9 in both eyes, and
they were all over 50 years of age.

Gene transmission

The results ofan analysis of the inheritance are shown
in Table III.

(i) Affected males had 66 male children, none of
whom inherited the disease.

(ii) 44 female children of affected males, either had
male descendants or were examined. There was evi-
dence that 41 of these 44 female children had inheri-
ted the abnormal gene, either because they had affec-

ted male offspring or because they were examined and
found to have ocular abnormalities. The remaining
three have not been examined and have unaffected
male descendants.

(iii) Of i8i male children of heterozygous females
who had reached the age of IO years, 94 were affected
and 87 appeared to be normal.

(iv) 99 daughters ofheterozygous females either had
male descendants, or were examined, or both. There
was evidence that 55 of these 99 female children were
heterozygotes, either because they produced affected
male offspring, or because they had been examined
and found to have ocular abnormalities. In 44 female
children no such evidence was found. The difference
between the number of affected daughters of hetero-
zygous females is not statistically significant (proba-
bility greater than 0o3).
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FIG. I Pedigrees offamilies with X-chromosome linked retinitis pigmentosa (see key)

Discussion

EVIDENCE OF X-LINKED TRANSMISSION

In a condition transmitted as a presumed X-linked
trait, where heterozygous females demonstrate some

abnormality, the confirmation ofX-linked inheritance
depends upon an analysis of the offspring of hemizy-
gous (affected) males.

In this series, affected males had 66 male children,
none of whom inherited the disease. The absence of
father-to-son transmission is statistically highly signi-
ficant and is characteristic of X-linked inheritance.
44 daughters of affected males either had male de-
scendants or were themselves examined. Of these, 41

were either examined and found to have retinal ab-
normalities or were known to have produced affected
male offspring. The remaining three have not been
examined and have so far had no affected sons; of the
three, one had only one son (P336/IV/4) and one had

one son, one daughter, and no grandsons (P563/III/2).
Therefore all daughters of affected males, for whom
sufficient data are available, inherited the abnormal
gene. This is also statistically highly significant evi-
dence of X-linked disease.

Recognition of heterozygous females allows further
analysis of the gene distribution within the families,
and also permits the transmission of the disease to be
characterized. An analysis of the descendants ofheter-
ozygous (mildly affected) females is shown in Table
III.

Heterozygous females had I 79 sons over the age of
IO years, of whom 92 were affected and 87 were ap-
parently normal. The difference between numbers of
affected and non-affected sons is not statistically signi-
ficant (probability greater than o-8).

99 daughters of heterozygous females either had
male descendants or were themselves examined. There
was evidence that 55 of these 99 female children were
heterozygous either because they had produced affec-
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Table I Ocular function in heterozygous females

Dark
Visual acuity Visual fields Fundi adaptation EOG ERG

Pedigree Subject Age
no. (yrs) R L R L R L R L R L R L

22 V/i 22 6/6 6/6 + + I 4
V/5 24 6/6 6/6 + + I 4 - - _ _
IV/6 4' 6/6 6/6 ++ ++ ++ ++ 4 4 ++ +++ + +
IV/3 52 6/6 6/6 + + + + 4 4 + + -

266 V/2 IO 6/6 6/6 + + I + + + + +
IV/2 47 6/6 6/6 ++ ++ ++ ++ 2 Ii ++ ++ + +

336 V/7 12 6/6 6/6 + + - - -
V/2 I3 6/6 6/6 + + + + + + + + - + + + - -
V/ I I 8 6/6 6/6 + + + + 4 4 + + - -
V/5 I8 6/6 6/6 + + + + + + + + ; + + + + +
V/4 22 6/6 6/6 + + + + + + + + + + + + + + + +
IV/5 39 6/6 6/6 + + + + 4 4 - -
IV/3 42 6/6 6/6 + + + + I + -
III/2 68 6/6 6/6 + + + + + + + +

396 V/7 28 6/6 6/6 - - + - 4 - - - - -
IV/3 56 6/6 6/6 + + + + I 4 - - + _
IV/2 6o 6/i8 6/i8 + + ++ ++ ++ + + + + + + + +

425 V/3 25 6/6 6/6 + + + + + + + + + + + + + + + +

439 V/3 21 6/6 + - + 4 - - - -

458 IV/2 43 6/5 6/5 + + + + - + + - -

468 IV/6 46 6/9 6/9 ++ ++ ++ ++ 2 2 +++ +++ + +

476 IV/I 52 6/6 6/6 + + + + + -

478 VI/25 8 6/9 6/9 + + -
VI/19 9 6/6 6/9 + + + + + +
V/7 I 27 6/6 6/6 + + + + 4 4 - -
V/69 34 6/9 + + + + 4 4 + + +
IV/I7 66 6/60 6/6o ++ ++ +++ +++ 24 24 ++ ++
III/4 86 NPL HM +++ +++ +++ +++

540 111/i 6o 6/9 6/9 + +

546 IV/ I 37 6/9 6/9 + + + + I I - -
111/i 66 6/9 6/9 + +

549 V/7 7 6/6 6/6 + + + +
IV/8 26 6/5 6/5 + + + + 4 4 + +
IV/2 33 6/6 6/6 + + + + + +
III/I 57 6/9 6/9 + +

56i IV/2 34 6/4 6/4 + + - -

563 111/9 58 HM 6/9 + ++ +++ + ++ ++ + + + + + + +
III/8 6i 6/9 6/9 + + + + ++ ++ 4 + + + + +

565 111/6 54 6/9 + + ++ ++ ++ ++ ++

587 111/i 43 6/6 6/6 + + + + 4 + + + +
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Table I (contd.)

Visual acuity Visual fields Fundi
Dark
adaptation EOG ERG

Pedigree Subject Age
no. (yrs) R L R L R L R L R L R L

596 V/3 I 7 6/6 6/6 + +
IV/I4 33 6/6 6/6 + + + + i i + + + + + +
IV/7 39 6/5 6/5 + + + + - - - -
IV/6 44 6/5 6/5 + + + + - -
III/4 69 6/6 6/6 + + + + I + + ++ - -

607 III/2 23 6/6 6/6 + + + + i + +

633 IV/I3 49 6/5 6/5 + + + + i i +

665 V/ I I5 6/5 6/5 + + + + +

Visual Snellen types 6/4 to 6/60
acuity Hand movements HM

No perception of light NPL

Visual fields Normal
Peripheral loss only +
Confluent mid-zone loss + +
Severe mid-zone and peripheral loss + + +

Fundi Normal
Peripheral changes +
Peripheral and mid-zone changes + +
Advanced retinitis pigmentosa + + +

Dark Normal
adaptation Abnormal log units above normal final threshold

EOG Normal
180 to 150 per cent light-induced rise in potential +
150 to 130 per cent light-induced rise in potential + +
Less than I 30 per cent light-induced rise in potential + + +

ERG Normal potentials
Subnormal potentials +
Non-recordable potentials + + +

Table II Ocular function in heterozygous females (Ratio
of abnormal to total)

Age range Fundi Visual Dark EOG ERG Table III Analysis of gene transmission
(yrs) fields adaptation

Descendants Ofhemizygotes Of heterozygotes
1-10 5:5 1:1 I:2 3:5 1:1

11-20 5 5 4:4 4:5 4:5 I:3 Sex Male Female Male Female
21-30 9:9 6:7 9:9 4:9 2:7 Evidence of Present 4
31-40 9:9 6:6 5:6 3:7 abncent 41 94 55
4I-50 8:8 8:8 6:8 6:8 4 5 abnormal gene
5i-6o 6:6 5:5 4:4 4:5 2:4 inheritance Absent 66 3* 87 44
6I + 6:6 5:5 3:3 3:3 1:1 a6___ Total 66 44 I 8 I 99

All ages 48:48 35:36 32:37 27:42 II:2
* But not examined
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F I G. 2 Visual fields andfundus oppearances of two heterozygous females in Pedigree 22
IV/3 A 52-year-old female with an affected son (V/7). She had no symptoms and a visual acuity of 6/6 in each eye.
Visual fields showed peripheral loss (2a). The fundus showed peripheral pigment disturbance with migration ofpigment-
containing cells into the retina (2b). This was confirmed byfluorescein fundus angiography (2C)
Figs 2(b) and (c) reproduced by courtesy of the editor of Trans. Amer. Acad. Ophthal. Otolaryng. (1973) 77, p. OP 644, figs 3 and 4
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ted male offspring or because they had been examined
and found to have retinal abnormalities. In the other
44 daughters no such evidence was found. The differ-
ence between the numbers inheriting and not inheri-
ting the gene is not statistically significant (probability
greater than 0o3). It would appear that half the
daughters and half the sons of heterozygous females
inherited the abnormal gene. This is characteristic of
X-chromosome linked inheritance although on its
own it does not exclude all other forms of inheritance.
On the evidence of the different affection of males

and females with the abnormal gene, and of the in-
heritance characteristics of the disease, there is little
doubt that the families in this study have X-chromo-
some linked disease.

V1176 A 41-year-old femnale with two affected sons (V, iI
and 14). She had no symptoms and a visual acuity of 6/6
in each eye. Visual fields showed upper half loss (2d). The
.fundus showed retinitis pi'gmentosa irn the lower half (2e).
This was confirmed by fluoresceinfiundus angiography (4
overleaf)
Figs 2(d), (e), and (f) reprolducdl by courtsc of tlic editor of Trans.
4mer. AIcad. Oplithmi Otolaryng. (1973) 77, pp..(1) 644 aindI 645,
figs 5, 6, and(l 7

RELATIVE FREQUENCY OF X-LINKED TRANSMISSION

The 23 families with X-linked retinitis pigmentosa
represent 215 per cent. of the total number offamilies
with retinitis pigmentosa referred to the Genetic
Clinic at Moorfields Eye Hospital during a period of
3j years. This greatly exceeds the frequency of this
type of retinitis pigmentosa recorded in previous
studies (4-5 per cent. Fran§ois, I96I; I per cent.
Ammann and others, I965).

There are several possible explanations for this high
incidence of X-linked retinitis pigmentosa. There is
no evidence to suggest that families with this condition
were preferentially referred to the Genetic Clinic be-
cause ofthe interest generated by their supposed rarity.
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FIG. 3 Visualfields andfundus appearances of three heterozygousfemales in Pedigree 396
IV/2 A 60-year-oldfemale with an affected son (V, 4). She had noticed loss of dark adaptation for 5 years, visual field
changesfor 3 years, and reduced visual acuity for i year. The visual acuity was 6/I8 in each eye. The visual fields were
severely restricted (3a). Both fundi showed retinitis pigmentosa with severe choroidal atrophy in restricted patches at the
periphery (3b)
Figs 3a and b reproduced by courtesy of the editor of Trans. Amer. Acad. Ophthal. Otolaryng. (1973) 77, pp. OP 648, figs 12 and 13

IV/3 A 56-year-oldfemale with an affected son (V, 9). She had no symptoms and a visual acuity of 6/6 in each eye.
The visual fields showed peripheral loss (3c). There was segmental retinitis pigmentosa (3d). This was confirmed by
fluoresceinfundus angiography (3e, overleaf)
Figs 3(c), (d), and (e) reproduced by courtesy of the editor of Trans. Amer. Acad. Ophthal. Otolaryng. (1973) 77, p. OP 646, fig. 9, and
p. OP 647 figs, 10 and
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At the time when most families were referred, the mode
of inheritance had not been identified or had been
identified wrongly. It is easy to envisage how a pedi-
gree can be wrongly interpreted. Fig. sa shows part
of P478 with heterozygotes and hemizygotes identi-
fied. If the females are shown as affected (Fig. 5b), as

indeed they are in old age, the inheritance appears to
be autosomal dominant. If the females are shown as

unaffected (Fig. 5c), as they may appear to be if not
examined or if they die in early or middle life, the in-
heritance appears to be autosomal recessive. Failure
to interpret the pedigree correctly may well account
to some extent for the low frequency of X-linked
disease reported in previous studies.

Families with X-linked disease may have been pref-
erentially referred to the Genetic Clinic because of the
severity of the disease, though this seems unlikely,

c

since in ten out of the 23 families reported in this series
the propositus was a female without visual symptoms,
or at most, mild disease. Such a biased referral would
cause a smaller number of families with dominant
disease to be referred than occurs in the genetkl popu-
lation, since the dominant disease is mild (Jay and
Bird, 1973). However, 25-5 per cent. of the families
referred with retinitis pigmentosa had dominantly in-
herited disease, which is not less than the previously
published figures of frequency in the general popula-
tion (19-5 per cent., Frangois, I96I; 9 per cent.
Ammann and others, I965).

It is possible that the families with X-linked and
autosomal dominant disease would present preferen-
tially since they had large pedigrees and referral of
any one of many affected members would cause the
family to be studied. Such a tendency would also

(3b))

(3'c)
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V/7 A .26-year-oldfemale with an affected brother (V, 9). She had no symptoms, the visual acuity was 6/6 in each eye,
and thevisualdfieldswere normal
The peripheral pigment epithelium appeared mottled and the periphery of the right fundus showed a small atrophic patch
with migration ofpigmented cells into the retina. T-his was illustrated byftuoresceinfundus angiogtaphy (.3f) Abnormal
function was confirmed by estimation of retinal rhodopsin concentration, which was reduced bY 40 per cent.
Fig. 3(f) reproduced by courtesy of the editor of the Trans. Amer. Acad. Ophthal. Otolaryng. (1973) 77, p. OP 649, fig. 14
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FIG. 4 Best visual acuity of each eye in hemizygous males
and heterozygous females, by age

cause the number of autosomal recessive families to
be relatively less. Families with dominant disease were
seen more frequently than would have been predicted
by Francois (i 96 I) and by Ammann and others (1 965)
although the excess over Francois' figure is not great.
The ratio ofrelative frequencies ofdominant disease be-
tween Fransois' figures and those in this study (I 9-5%:
25-5%) is quite different from the ratio relating to
X-linked disease (4-5% :2 I5%). In addition, it is evi-
dent that many ofthe X-linked pedigrees are not large.
The frequency of families with autosomal recessive
disease was much less than found by Fran,ois (I96I)
and by Ammann and others (I965): I2 per cent. in
this study compared with 39 per cent. by Francois and
go per cent. by Ammann and others.
That the excess of families with X-linked disease

may have been caused by biased referral is thus un-

likely, and it is much more likely to be due to different
genetic pools in different countries and other socio-
economic factors. In particular, it is well recognized
that the prevalence of consanguineous marriages in
the isolated communities of the Swiss valleys has
resulted in high incidences of autosomal recessive
disease. This has undoubtedly affected the results of
the Swiss study (Ammann and others, I965). In
England, as in most of Western Europe, I per cent. of
marriages are consanguineous (Bell, 1940; Shields and
Slater, 1954; Freire-Maia, 1957) while in Switzerland
the rate may be as high as I 5 per cent. (Egenter, I 934;
Ruepp, 1935).

It is likely that the families in this study are more

representative of the genetic pool and clinical experi-
ence in Western Europe, and therefore of North
America, than those in the Swiss study. Moorfields
Eye Hospital does not drain a selected genetic pool,
since London is not an isolated community and its
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FIG. 5 Part ofP478 (shown in full in Fig. i)
(a) Heterozygotes and hemizygotes identified
(b) Heterozygotes and hemizygotes shown as affected
(c) Hemizygotes only shown as affected

population is relatively mobile. Many of the families
originated from outside South-east England, and in
three families only one member resided in the home
counties of London.
The preponderance of males with retinitis pigmen

tosa compared with females found by Nettleship (i 908)
indicates that the high frequency of X-linked disease
is not a recent development in England, but dates back
at least IOO years.

MORPHOLOGY AND OCULAR FUNCTION

Hemizy,gous males

In the 23 families studied, 42 affected males were seen

and the functional loss recorded. Details of visual loss
were obtained in a further 69 cases from their rela-
tives. There was little variation in the severity of the
disease from one family to another, and from one

member of a large family to another. It was clear that
the dystrophy was severe in all males, though one

(Ps96/IV/ I 2) was less severely affected than the others.
Loss of dark adaptation was documented within the
first decade of life in all affected males, symptoms
referable to field loss occurred within the second dec-
ade, most noticed difficulty in reading by the age of
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20 years, and severe incapacity was almost universal
by the age of 40 years. All affected males, even the
young, had typical retinitis pigmentosa, and marked
choroidal atrophy was not seen except in middle or
late life.
Some authors have emphasized that there may be

atrophy of the choroid in late disease (Falls and
Cotterman, I948; Fransois, I962) which may be so
severe as to resemble choroideremia. This led some
authors to distinguish between X-linked retinitis pig-
mentosa and X-linked choroido-retinal atrophy
(Sorsby and Savory, 1956) and to suggest that the
genes for X-linked retinitis pigmentosa, choroideremia,
and X-linked choroidal sclerosis, though distinct, may
be allelemorphic.
The presence ofchoroidal atrophy late in the disease

does not justify separating the disease in these families
from retinitis pigmentosa, as has been suggested in the
past (Falls and Cotterman, I948; Sorsby and Savory,
I956; Fran§ois, I962; Hoare, I965), for several
reasons. Only three males in families with X-linked
retinitis pigmentosa have been described with severe
choroidal atrophy (Sorsby and Savory, I 956; Fran§ois,
I962) and affected male relatives had typical retinitis
pigmentosa. The reported atrophy in other families
(Falls and Cotterman, 1948; Hoare, I965) was local-
ized and, in most, the easy visualization of the choroi-
dal blood vessels could be ascribed to the combination
of myopia with thin choroidal pigment in eyes with
blue irides. It would seem that choroidal atrophy is
not prominent or consistent in affected males in these
families and is seen only in far advanced disease.

It should be emphasized that retinitis pigmentosa
is not a single disease but a generic term used to
describe several diseases which share certain morpho-
logical similarities, but which are distinct one from
the other, and which can be sub-divided on the basis
of inheritance and severity. In addition, choroidal
atrophy has been well described in advanced typical
retinitis pigmentosa (Lister, I903; Gonin, 1903;
Wolter, 1957). The presence of choroidal atrophy is
probably a reflection of the severity of the disease,
rather than an indication of a completely separate
disease category. The reports of atrophy have led to
some confusion, and families with probable choroidere-
mia have been discussed in the same context as those
with X-linked retinitis pigmentosa (Jacobson and
Stephens, I962).
There is little doubt that choroideremia is distinct

from X-linked retinitis pigmentosa, as choroidal
atrophy occurs in the second decade of life in the
former disease, and a unique retinal appearance is
found in females heterozygous for choroideremia
(Krill, I969; Bird and Blach, I970). Therefore the
characteristics of the disease in males reported here
suggest that this is a single entity, retinitis pigmentosa,
which is quite distinct from choroideremia and other
X-linked fundus dystrophies.

Heterozygous females

Particular attention was paid to the individual presen-
tation of affected women, and morphological and
functional ocular abnormalities were analysed.

Contrary to the experience of several investigators
(Falls and Cotterman, I948; Weiner and Falls, 1955;
Roberts, I959; Fran-ois, I962; Ricci and others,
I963; Goodman and others, I965; Hussels, I967;
Warburg and Simonsen, I968; Krill, I969), albeit
with small numbers of cases, the presence of a promi-
nent tapetal reflex was not found to be a particularly
helpful sign of the heterozygous state in this series.
While prominent reflexes were seen in the young, it
was found impossible to differentiate this from the
normal retinal reflex ofyoung fundi. This is illustrated
in P22 in which there was a prominent reflex in both
V/5 and V/6, and yet by other criteria it seemed likely
that V/5 was heterozygous for X-linked retinitis pig-
mentosa and V/6 was not. In their mother, who un-
doubtedly had the abnormal gene, there was no tape-
tal reflex. One heterozygote (P633/IV/i3) had promi-
nent "tapetal" reflexes at the age of 49 years, which
were undoubtedly abnormal and presumably due to
her heterozygous state. Multiple small white retinal
bodies were seen in members of P336 (IV/3, V/i, and
V/7) giving the retina a distinctive sheen, but this
feature was unique to this family in the present series,
and was not even common to all affected women in
the same family. These white bodies were very similar
to those described by Falls and Cotterman (1948).

Peripheral pigment epithelial loss was found to be a
much more common and easily recognizable change
than abnormal reflexes in heterozygous females. In
mildly affected females this presented as well-defined
patches of pre-equatorial pigment epithelial thinning
and was associated with migration of pigment-laden
cells into the retina in some cases. When changes were
particularly difficult to identify, fluorescein angio-
graphy was used to verify the finding. It should be
emphasized that the abnormal areas of fundus pre-
sented a slightly grey appearance as opposed to the
orange/red colour of the normal fundus. The change
was a subtle one which could be recognized only by
indirect ophthalmoscopy by which large areas of fun-
dus can be seen in a single field. This is a much earlier
morphological change in retinitis pigmentosa than
pigment migration into the retina, as has been em-
phasized in the past (Zeavin and Wald, 1956). In the
more advanced disease two distinct changes were seen:
well-defined atrophy ofpigment epithelium and chor-
oid occurred in the pre-equatorial fundus associated
with marginal hyperpigmentation (e.g. P396/IV/2),
and the typical findings of retinitis pigmentosa were
seen posterior to the equator. Both patterns of change
were seen in the same fundus in some' females (P563/
III/9).
With one exception (P396/V/7), visual field loss
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was always found in women with fundus abnormali-
ties. These field defects corresponded well with the
areas of fundus change, and were found by conven-
tional testing with a kinetic perimeter. The field de-
fects were frequently found peripheral to the mid-zone
field defects usually associated with retinitis pigmen-
tosa, though this was not always the case. Establishing
that there was field loss proved useful on several occa-

sions when there was doubt as to the significance of
peripheral fundus changes.

It was unusual for a female to complain of difficulty
with vision at night, unless there was elevation of the
dark adaptation threshold by at least one log unit.
However, a raised final dark adaptation threshold was
found almost universally by paying particular atten-
tion to the final log unit of dark adaptation. In many,
the deficit was of doubtful significance, and in isola-
tion this finding was of little value. With the only ap-

paratus available (Goldmann-Weekers adaptometer),
there is a variation amongst normal subjects of o-s log

unit, which represents 70 per cent. ofdark adaptation.
Therefore the difficulty in using this test relates to the
circumstances of testing rather than to the maintain-
ance of rod function until late in the disease. By using
strict criteria for normality, minor changes were de-
tected with little other evidence of retinal degenera-
tion. That these minor abnormalities reflect dysfunc-
tion is shown by measurement of rhodopsin concen-

tration in the retina; this is related in a linear fashion
to the final dark adaptation threshold (Highman and
Weale, I973), so that slight elevation of this threshold
is associated with marked, and easily detectable, re-

duction of retinal rhodopsin concentration (Bird and
Highman, 1972; Highman and Weale, 1973). This
was particularly useful in one patient (P396/V/7) in
whom other deficits were difficult to detect. The limi-
ted experience to date suggests that measurement of
rhodopsin kinetics may provide a very sensitive index
of early retinal dysfunction in retinitis pigmentosa.

Reduction of light-induced rise in ocular potential
proved to be a useful test to confirm ocular abnorma-
lities which were otherwise only suspected, but on no

occasion did it reveal dysfunction of an otherwise
normal eye. It is ofinterest that a normal light-induced
rise in potential was recorded in the presence of easily
detectable fundus abnormalities and functional deficit
in fifteen out of 42 heterozygous females, and a re-

duced but present light-induced rise in potential was

recorded in the presence ofadvanced retinal dystrophy
(P336/V/5). Both these findings are unusual in hemi-
zygous males and in other genetic forms of retinitis
pigmentosa, and their significance will be discussed.
The a-wave and b-wave potentials on electroretino-

graphy were reduced in females with advanced
changes, but were normal in the majority of cases.

The amplitudes were never abnormal in the pre-

sence of a normal light-induced rise in ocular poten-

tial.

The conclusion that the most sensitive fundoscopic
evidence of the heterozygous state was pigment epi-
thelial changes in the peripheral fundus, rather than
the presence of a "tapetal reflex", is at variance
with the findings of most other authors. In only two
families was an abnormal reflex recognized. However,
it should be emphasized that of the thirty families
previously reported with X-linked retinitis pigmen-
tosa, nineteen were published as single family studies
(Gonin, I902; Nettleship, I909; Bell, I922; Gasalla,
I93I; Usher, 1935; McQuarrie, I935; Janssen, 1938;
Falls and Cotterman, I 948; McKenzie, I 95 I; Weiner
and Falls, 1955; Wolter, 1957; Roberts, I959;
Kobayashi, I960; Francois, I962; Ricci and others,
I963; Hoare, I965; Goodman and others, I965;
Hussels, I967; Warburg and Simonsen, I968; Berson
and others, I969; Imaizumi and others, I970;
Warburg, 1971). Many were reported because of the
tapetal reflex and it is clear that the collective experi-
ence contained in these reports does not give a good
indication of the relative frequency of different mor-
phological features that may present in heterozygotes
for X-linked retinitis pigmentosa. Three further fami-
lies were reported by one author (Krill, I967, I969),
but only four heterozygotes were examined. The only
investigator who examined a large number of families
was Schappert-Kimmijser (1963) who saw the remain-
ing eight families. Abnormal reflexes were found in
heterozygotes ofonly one family, and it was concluded
that this sign may be helpful when present, but that
its absence is ofno significance. It was also found that
pigmentary changes were a much more reliable index
of the heterozygous state. It is significant that these
findings correspond well with the evidence from this
study.
With slight modification, measurement of dark

adaptation might prove to be important in detecting
the heterozygous state. By altering the neutral density
wedge, more accurate measurement of the last log
unit ofdark adaptation might be made more accurate.
It is unfortunate that in this study dark adaptation
was measured in the central field only. Zeavin and
Wald (I956) showed that peripheral rod function be-
comes affected long before central rod function, and
they concluded that loss of dark adaptation in the
peripheral field occurred before ophthalmoscopic ab-
normalities were detectable. However, they used the
presence of pigment in the retina as an index of
ophthalmoscopically detectable retinal disease. Since
this is not the earliest detectable morphological
change, their conclusion has yet to be proved.

It is hoped that, with further experience, retinal
rhodopsin concentration measurements will provide
the most sensitive index of retinal dysfunction.

Considerable variation in the severity of the disease
was recorded from one woman to another. Since the
dystrophy was progressive, severe dysfunction was
more common in old age, and blindness occurred only
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after the seventh decade of life (P478/III/4 and IV/
I 7). The degree of visual loss was not, however, rela-
ted to age alone. The most advanced degeneration in
a young woman was seen in P336/V/5, in whom there
was considerable upper half visual field loss before the
age of2o years. The extent ofdegeneration approached
that seen in hemizygous men, but the relative preser-
vation of dark adaptation distinguished her disease
from that seen in her male relatives. That her sister
was also fairly severely affected may be significant,
although other females in the family were only mildly
affected.

There appeared to be no great variation in the
severity of the dystrophy in females from one family
to another, since severely affected females were found
in all families with moderate or large pedigrees. They
were not more common in one family than in any
other.
Ofinterest is the apparent symmetry ofinvolvement

between the two eyes which has been remarked upon
in the past (Warburg, 1971). Only in one case (P563/
III/9) was there a marked difference in the extent of
the dystrophy between the two eyes, although both
had severe disease.

All females who from genetic evidence must have
been heterozygous for X-linked retinitis pigmentosa,
because they had either affected sons (i 9 individuals)
or affected fathers (I 5 individuals), and who were old
enough to test, had some recognizable fundus ab-
normalitywhether morphological or functional. Ofthe
23 who had a 50 per cent. chance of being heterozy-
gous because they had a heterozygous mother, and did
not have male descendants, fourteen had detectable
changes. The excess of abnormal to normal may be
due to the fact that three of the possible heterozygotes
presented with visual symptoms caused by retinal de-
generation.

It is clear that most if not all heterozygous females
in this series had retinal changes and ocular functional
deficits and that the manifestations of the disease in
women are quite different from those in men.
More significant, perhaps, is the fact that no proven

heterozygous female had normal eyes, so that it is
likely that an accurate prediction could be made by
childbearing age of the chance of any possible hetero-
zygote having affected children.

This conclusion is at variance with the findings of
previous authors, except Imaizumi and others (I970),
whose family, significantly, is the most recent but one
to be reported. It is likely that the increased sensitivity
of examiners and of examination methods accounts
for the discrepancy in reports. In many previous
studies, migration of pigmented cells into the retina
has been considered to be the hallmark of retinitis
pigmentosa and has been used as a criterion of retinal
disease. However, this feature is not an essential part
of the disease, and probably occurs years after outer
segment loss and receptor cell death (Zeavin and

Wald, I956). If pigmentation were used alone as a
criterion of disease, many heterozygous females would
not be recognized. Of particular importance in this
study was fluorescein fundus angiography, by which
the significance of mild peripheral pigment epithelial
changes could be assessed.
The loss of visual function and the fundus morpho-

logy in heterozygous females is quite unlike the pheno-
type ofheterozygotes for choroideremia. This provides
further evidence to distinguish the disease in the fami-
lies in this study from choroideremia in which hetero-
zygotes have a distinctive fundus appearance and no
functional loss (Krill, I967, I969; Bird and Blach,
I 970).

EXPRESSION OF THE HETEROZYGOUS STATE

In the families under study, the severe retinopathy in
males can be ascribed to their hemizygous state for the
abnormal gene, while the milder involvement of the
females is due to their being heterozygous for this gene.
That the disease in females represents a mild form of
the male disease is possible, though there are certain
indications that there may be qualitative differences
between the two. The selective involvement of pre-
equatorial retina in many women is not seen in men.
Maintenance of a large intact central visual field, rod
function, and light-induced rise in ocular potential in
the presence of advanced peripheral retinal and chor-
oidal atrophy is quite unlike the dystrophy of males
with X-linked disease and ofpatients with other forms
of genetically-determined retinitis pigmentosa.
The lack of correlation in genetically-determined

retinitis pigmentosa between apparent loss of receptor
function and reduction of ERG potentials and the
light-induced rise in ocular potential led to the sug-
gestion that factors other than receptor cell death
were responsible for the changes in the electrical be-
haviour of the eye. Riggs(I 954) suggested that changes
in the peripheral fundus caused alterations of the resis-
tive membrane, resulting in an electric short circuit
between the retina and choroid. Later work on electro-
oculography showed loss of potential which was also
apparently excessive when compared with visual
sensory loss (Arden and Fojas, I 962); this gave further
support to Riggs' hypothesis. It was concluded that
dramatic reduction ofthe recorded electrical responses
of the eye to light was an essential association with
early genetically-determined retinitis pigmentosa.

Preservation of electrical responses in patients with
non-genetically determined pigmentary retinal de-
generation is well documented (Bjork and Karpe,
I95 I), and has been used as evidence to show that the
disease process in secondary retinal degeneration is
basically different from that in genetically determined
retinitis pigmentosa (Carr and Siegel, 1973). On the
same grounds it could be argued that there is a quali-
tative difference between the disease in heterozygotes
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for X-linked retinitis pigmentosa and in their hemi-
zygous relatives. Fifteen out of42 heterozygotes in this
series had a normal light-induced rise in ocular poten-
tial and eleven of 2 I had normal ERG potentials de-
spite unequivocal evidence of genetically-determined
retinal degeneration. However, it should be borne in
mind that dark adaptation and visual field testing do
not necessarily give an accurate indication of the
number of surviving receptor cells, and the original
premise, which assumed lack of correlation between
sensory loss and electrical responses, may be at fault.
Loss of half the receptor cells evenly throughout the
retina would cause little detectable sensory deficit be-
cause of the neural anatomy of the retina, whilst loss
of all receptors in 50 per cent. of the retina would
result in easily detectable visual field loss. If electrical
responses ofthe eye to light were directly related to the
size of the receptor cell population, 50 per cent. recep-
tor cell death would have an equal effect on the electri-
cal ocular responses however they were lost.
The significance of field loss in patients with geneti-

cally-determined retinitis pigmentosa sufficient to
cause symptoms, but without reduction of light-
induced rise in ocular potential or ERG potentials
(P458/IV/2), must remain in doubt, though it is
possible that it indicates patchy rather than diffuse
disease. Patchy disease in heterozygous women would
reduce the amount of receptor cell death necessary to
cause detectable visual loss and would result in appar-
ent preservation of the ocular electrical responses to
light.

Alternatively, the disease of the heterozygotes in
this series may be milder than that of patients in pre-

vious studies, since many women in this study did not
present with visual loss, but were invited to come as

part of a family survey or were seeking genetic advice.
The apparent discrepancy between results in this
series and other series may be due to this alone. The
normal light-induced rise in ocular potential may be
in excess of 300 per cent. and halving of the potential
change by disease would still leave the figure within
normal limits. A recorded light rise of i8o per cent.
may or may not be normal for any particular patient,
and ignorance of the premorbid light rise prevents
more critical appraisal of these results.
The variability of deficit from one female to another

and the symmetrical involvement of the two eyes of
the same female were very striking. It was suspected
that the young woman with severe dysfunction (P336/
V/5) might have had an abnormal complement of sex
chromosomes, but the chromosome count was found
to be normal. Her sister was also severely affected,
though other females in the family, who were presum-

ably heterozygous for the same gene, had little dys-
trophy. The phenotypic expression of a gene is modi-
fied by its allele, and also by the total genetic pool, and
it is possible that the two severely affected sisters had
the same normal allele which allowed greater expres-

sion of the gene for retinitis pigmentosa than other
normal alleles in other females of the family.

Whilst it is possible that other distinct genetic and
non-genetic factors may influence the dystrophy in
women, the severity of the disease could not be related
to easily identifiable genetically-determined factors,
such as refractive error or iris colour, or to non-genetic
factors. Renewed interest has been shown recently by
Berson (I97 I) in the importance of light in the patho-
genesis of retinitis pigmentosa, though Weale (1972)
argued that the case was not proven. There is no evi-
dence to suggest that the severely affected female
(P336/V/4) had been exposed to greater ambient light
than had her sister or female cousins. If light played
an important part in the pathogenesis ofthe dystrophy
one would expect the lower fundus to show a greater
degree of involvement than the upper fundus, since in
most circumstances of life illumination from above is
far greater than from below. While in the severely
affected women (P336/V/4 and V/s; P22/IV/6) the
dystrophy appeared to be greater in the lower retina,
in most women this was not the case. It is therefore
possible that, in women destined for severe visual loss,
light exposure plays a part in hastening the degenera-
tion, but it is unlikely to be an important factor in
most patients.

Importance of X-chromosome inactivation

In an attempt to explain the phenomenon of attenu-
ated disease in heterozygotes of an X-linked charac-
teristic, Lyon (I96I) proposed the hypothesis of ran-
dom inactivation of X-chromosomes. Non-random
inactivation of paternal X-chromosomes and of struc-
turally abnormal X-chromosomes has been suggested
(Cooper, I971; Hirschhorn and Firschein, I964;
Polani, Angell, Giannelli, Della Chapelle, Race, and
Sanger, I970; Hamerton and Giannelli, 1971).

Inevitably, inactivation of one X-chromosome has
been suggested as an important influence in determin-
ing the expression of the gene for retinitis pigmentosa
(Krill, I967; Berson and others, I969; Warburg,
1971). Most features of the disease seen in heterozy-
gous women have now been explained on the basis of
inactivation though none gives direct support to
Lyon's hypothesis. The apparent patchy nature of the
disease in some cases has been claimed as evidence of
two cell populations in the retina (Schappert-
Kimmijser, I963; Goodman and others, I965; Hoare,
I965; Hussels, I967; Berson and others, I969; Berson
and Goldstein, 1970; Imaizumi and others, 1970),
though Krill (I967) could find no greater variability
in the dark adaptation thresholds of different parts of
the retina in heterozygotes than in normal subjects.
Functional and morphological studies in patients re-
reported here suggest that the disease is patchy. Many
heterozygotes showed severe functional loss in the
peripheral fundus with marked atrophy of the retina
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and choroid, while function in the posterior retina was
well preserved. In some of these the presence of a
light-induced rise in potential was striking, suggesting
preservation of ocular function as a whole. These
features are quite atypical of the disease in men or of
other forms of retinitis pigmentosa. However,
Gruneberg (1967) thought that patchy disease did not
present prima facie evidence to support Lyon's hypo-
thesis. No careful studies have yet been performed on
affected males at an equivalent stage of evolution of
the disease, since an equivalent stage would occur in
the first 5 years of life. Therefore it is impossible to be
certain whether or not patchy disease may be found
in affected young males, though this seems unlikely.
The great variability in functional loss from one
heterozygote to another has also been claimed to sup-
port Lyon's hypothesis. For similar reasons uncertain-
ty must exist whether heterozygotes present greater
variability than hemizygotes, though it appears likely
that affected women present a less uniform disease
than affected men. Even if greater variability were
proved in heterozygotes, it appears that direct support
for Lyon's hypothesis cannot be adduced from this
evidence (Griineberg, I967). On the other hand, the
remarkably symmetrical involvement of the two eyes
in heterozygous females and the preponderance of
apparently normal over abnormal areas of the retina
has been considered difficult to explain on the basis
of random inactivation (Krill, I967). If inactivation
is to explain the pattern of retinal degeneration in
heterozygous females, both these objections would
have to be satisfied. Krill (I967) thought that the in-
activation hypothesis could still explain gene effects
in retinal degeneration if certain assumptions were
made. A preponderance of normal cells would occur
if the cell with the normal gene had selective advan-
tage over the cell with the abnormal gene. Thorough
mixing ofnormal and abnormal cells during develop-
ment would explain his failure to find patches of nor-
mal and abnormal retina. Symmetrical involvement
between the two eyes could also be explained if inacti-
vation ofone X-chromosome occurred before laterali-
zation of the embryo (Warburg, 1971). Barr bodies
appear in cultured fertilized human eggs 61 days after
fertilization, (Steptoe, Edwards, and Purdy, 1971),
whereas lateralization occurs at I I to 12 days (Arey,
I965). During this interval there may be a mixture of
the different clones, so that an equal number of ab-
normal cells would pass to either side.

While some features of the disease in heterozygotes
suggest inactivation, and others, in particular the
symmetry of the disease in the two eyes, can be ex-
plained by inactivation after making certain assump-
tions, they do not test or support Lyon's hypothesis in
any way. In particular, it is possible that the primary
abnormality in X-linked retinitis pigmentosa may be
distant from the eye and that the eye is a target organ

for the disease affected by humoral factors. If this
were the case, to seek features of the ocular disease by
which Lyon's hypothesis could be tested would be
rendered futile.
One factor which has not been taken into account

is the preferential involvement of peripheral retina
with apparent sparing of the central retina until late
in the disease. This feature, above all others, charac-
terizes the degeneration seen in heterozygous women
and cannot be explained on a genetic basis. It must
have some anatomical or physiological explanation
related to the factors influencing peripheral as opposed
to central retinal function.

It is likely that the expression of the heterozygous
state is governed by many factors, including the in-
fluences of the normal allele and chromosome in-
activation, ambient illumination of the retina, and
anatomical and physiological factors affecting the
retina. The findings in the families studied do nothing
to identify the factors important in this regard.

GENETIC TRANSMISSION OF X-LINKED RETINITIS PIGMEN-
TOSA

Evidence has been put forward on two grounds that
the phenotypic expression of the heterozygous state
indicates that more than one gene is involved in trans-
mitting the disease, and this has been widely accepted
(Roberts, 1959; McKusick, I971).
Both McKenzie (I95i) and Kobayashi (I960)

thought that the families they described had a differ-
ent disease from that in families reported by previous
authors, since there was easily detectable and often
severe retinal degeneration in females, although in
McKenzie's family severe visual loss was not experi-
enced until the eighth decade of life. However,
retinal degeneration in heterozygotes had been de-
scribed as early as I935 by McQuarrie, and it now
appears to be the opinion of most authors that minor
affection of heterozygous females is not rare (Schap-
pert-Kimmijser, I963; Hoare, I965; Krill, I967;
Berson and Goldstein, 1970; Imaizumi and others,
1970). This led Berson to conclude that no subdivision
of X-linked retinitis pigmentosa into dominant, re-
cessive, and intermediate could be made on the basis
of differential severity of involvement of heterozygous
females. The results of this study support Berson's con-
clusion, in that all degrees of severity were seen in
heterozygous females in all Jarge pedigrees, and that
most if not all heterozygotes were affected to some
degree.

Also, it is possible that more subtle features of the
retinopathy in women may provide a basis for postu-
lating that more than one gene is involved. The only
feature unique to one family was the white bodies seen
in three members of P336 (IV/3, V/i, and V/7), a
feature not found in other heterozygous women of this
family. The presence of these white bodies may be
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significant in view of previous reports of this finding
(Diem, 1914; Falls and Cotterman, 1948), and may
indicate different genetic influences in this family as
compared with others.

Evidence of heterogeneity in affected males is in-
conclusive. With the exception ofa single male (P596/
IV/i 2), all hemizygotes had equally severe disease and
no subdivision can be made on the basis of the severity
of the disease. As has already been argued, it is not
justifiable to differentiate the disease in some families
from that in others because of choroidal atrophy seen
in affected men in old age. While none of the evidence
supports the contention that more than one gene is
involved, it certainly does not refute it, and the num-
ber of genes involved must remain in doubt.
Without evidence to support the concept of hetero-

geneity, discussion concerning the number of loci in-
volved must be futile.

Summary

Of 107 consecutive patients with genetically-deter-
mined retinitis pigmentosa, 23 were provisionally
diagnosed as having inherited the disease in an X-
linked fashion. 42 affected males and 6i females were
examined, and from the data obtained the following
conclusions were drawn:

(i) X-linked retinitis pigmentosa exists and is distinct
from choroideremia.

(2) In contrast to the results of previous surveys, X-
linked retinitis pigmentosa is a common form of
this disease and over 20 per cent. of retinitis pig-
mentosa is probably transmitted in an X-linked
manner.

(3) (a) In contradistinction to the findings ofprevious
investigators, most if not all adult heterozygous

females have detectable degenerative changes in
the ocular fundus.
(b) The ocular changes in heterozygous females
are most easily detected by fundus examination,
visual field testing, dark adaptation measure-
ments, and estimation of retinal rhodopsin con-
centration. The single most frequent abnormality
is peripheral retinal pigment epithelial atrophy,
which is found in all adult heterozygous females.
(c) The pattern of retinal dysfunction in heterozy-
gous females, and in particular preservation of the
ocular electrical responses, suggests that the dis-
ease in women is qualitatively different from that
in men and in other genetic forms of retinitis pig-
mentosa. There is some evidence that the disease
in heterozygous women is patchy.
(d) Degeneration in heterozygous females is
usually symmetrical, but great variation was
found in the severity of degeneration amongst
heterozygotes of similar ages. No non-genetic in-
fluences were found to account for this. No evi-
dence came to light by which the importance of
X-chromosome inactivation could be assessed in
determining the phenotype of heterozygous
women.

(4) No evidence is available to determine the number
of X-linked genes transmitting the disease.
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