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Muscle creatine phosphate in gyrate atrophy of the choroid
and retina with hyperornithinaemia–clues to pathogenesis
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Abstract Background In gyrate atrophy of the choroid and retina with hyperornithinaemia (GA),
inherited deficiency of ornithine-d-aminotransferase leads to progressive fundus destruction
and atrophy of type II skeletal muscle fibres. Because high ornithine concentrations inhibit
creatine biosynthesis, the ensuing deficiency of high-energy creatine phosphate may mediate
the pathogenesis.

Materials and methods Relative concentrations of inorganic phosphate (Pi), creatine
phosphate (PCr) and ATP in resting calf muscle were recorded in 23 GA patients and 33
control subjects using 31P-magnetic resonance spectroscopy (MRS). Eight patients with
autosomal recessive retinitis pigmentosa with matched control subjects constituted an
additional reference group.

Results The PCr/Pi and PCr/ATP ratios (means 6 SD) were lower for the GA patients than
for healthy control subjects [4·66 6 0·37 vs. 9·75 6 2·17 (P < 0·0001) and 2·85 6 0·37 vs.
3·70 6 0·50 (P < 0·05) respectively]. In retinitis pigmentosa the respective values were
9·12 6 2·57 and 4·25 6 0·45. Age and stage of the disease had no effect.

Conclusion Muscle 31P-MRS spectra were markedly abnormal in all GA patients.

Keywords creatine, creatine phosphate, gyrate atrophy, hyperornithinaemia, 31P-magnetic
resonance spectroscopy, retinitis pigmentosa.
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Introduction

Gyrate atrophy of the choroid and retina with hyperornithi-
naemia (GA; McKusick 258870) is a syndrome caused by
an error of amino acid metabolism because of several muta-
tions of the gene encoding ornithine-d-aminotransferase
(OAT, EC 2.6.1.13). OAT deficiency leads to a 10- to 20-
fold increase in plasma ornithine concentration, character-
istic chorioretinal degeneration and progressive constric-
tion of the visual fields [1–4]. The first symptoms are

impaired night vision and severe myopia during the first
decade of life. On fundoscopy the first atrophic areas
appear in the periphery, increase in size, gradually coalesce
and advance towards the posterior pole of the eye. This
leads ultimately to blindness when the patients are between
20 and 50 years old [4]. The patients also develop selective
atrophy of type II (‘fast-twitch’) muscle fibres, histo-
logically characterized by accumulation of tubular aggre-
gates in the myocytes. These changes in muscle
morphology emerge before puberty and progress with
age, although clinical muscle symptoms are not usually
evident [5–7].

Although it is known that mutations of the OAT gene are
associated with the syndrome, the pathophysiology of the
eye and muscle changes in GA are obscure. High ornithine
concentrations effectively inhibit the activity of arginine-
glycine-transamidinase [8], which is the rate-limiting
enzyme in creatine synthesis [9–11]. This has also been
demonstrated in GA patients in vivo as a reduced urinary
guanidinoacetate (GAA) excretion after arginine load [12]
and as low concentrations of GAA and creatine in body
fluids [13]. Preliminary findings of low creatine concentra-
tions in muscle biopsies of 13 patients with GA further
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implicate that deficiency of creatine, through diminished
creatine phosphate stores, might lead to selective destruc-
tion of cells that are especially dependent on their energy
balance [13].

Creatine is synthesized mainly in the liver and pancreas
and transported to muscle and nervous tissue. Creatine
phosphate acts as a shuttle from mitochondria to the
cytoplasm, transporting the energy-rich phosphate bond
produced by oxidative phosphorylation to the site where it
is utilized. Cells can produce large quantities of ATP from
creatine phosphate, but only for a short period of time.
Cellular creatine phosphate reservoirs are thus necessary
for anaerobic ATP production if there is sudden ischaemia
or a need for high-intensity energy [14].

In man, the body creatine pool (creatine phosphate þ

creatine) is maintained by endogenous biosynthesis and
dietary intake [10], and can be increased by peroral supple-
mentation [15]. A high tissue concentration of ornithine in
GA may hamper the formation of creatine and diminish the
creatine phosphate pool. We tested this hypothesis using
phosphorus magnetic resonance spectroscopy ( 31P-MRS)
of the resting calf muscle of patients with GA and com-
pared the results with healthy control subjects. This
method allows non-invasive in vivo quantification of the
relative concentrations of inorganic phosphate (Pi), creatine
phosphate (PCr) and ATP [16–19]. As an additional refer-
ence group, we studied patients with the autosomal recessive
form of retinitis pigmentosa. The clinical course of retini-
tis pigmentosa closely resembles that of GA, with night
blindness and gradual constriction of the visual fields, but
there are no abnormalities of amino acid metabolism
[20,21].

Methods

Patients and control subjects

The study comprised 23 GA patients (age range 4–
74 years; 11 female subjects) and 33 healthy volunteers
matched for age and sex distribution (age range 2–64 years;
17 female subjects). The mean age of the patients
(36 years; SD 18 years, n ¼ 23) did not differ from that of
the control subjects (30 years, SD 8 years, n ¼ 33;
P ¼ 0·219; two-sided t-test). The mutations of the OAT
gene of each patient were identified, and all had the typical
clinical and biochemical findings of the disease. The mean
plasma ornithine concentration of the male patients was
967 mmol L¹1 (SD 112 mmol L¹1, n ¼ 12) and of the female
patients 868 mmol L¹1 (SD 133 mmol L¹1, n ¼ 11), whereas
the reference interval in our laboratory is 22–115mmol L¹1.
None of the patients had received any experimental treat-
ment for GA for at least 5 years before the study. We also
studied an additional reference group consisting of eight
patients (age 40–54 years; 6 women) with the autosomal
recessive form of retinitis pigmentosa and age and sex-
matched healthy control subjects (age 37–54 years, 6
women) for these patients.

Magnetic resonance spectroscopy

For 31P-MRS, a 1·5-T Magnetom SP63 (Siemens, Erlangen,
Germany) for clinical imaging was used. A standard double-
tuned surface coil, 10 cm in diameter, was positioned
under the mid-calf, which the subject held relaxed. The
coil was tuned to proton frequency and axial localizing
images were recorded to ensure proper positioning. The
radiofrequency field-sensitivity profile of the surface coil is
approximately hemispherical [19], and the sensitive
volume is about 260 cm3. The homogeneity of the mag-
netic field was first optimized by monitoring the signal from
the water and lipid protons. The coil was then retuned to
phosphorus resonance for acquisition of the 31P signal data.
The repetition times of the MRS sequence were 5000 ms,
1700 ms and 800 ms, and the number of acquisitions was
30–200 at a spectral band width of 2 kHz. The 31P signals
were filtered using a line broadening of 0·8 Hz, followed by
Fourier transformation. The Fourier transformed spectra
were phase-corrected manually, and the baseline was
adjusted using cubic spline fitting.

The main substrates measured were inorganic phosphate,
phosphocreatine, phosphodiester (PDE) and the three
peaks representing ATP (ATP-a, ATP-b and ATP-g,
with the active phosphorus atoms located at the a-, b-
and g-positions respectively). The areas of the peaks were
integrated from the real part of the spectra acquired with
the three different repetition times. The peak areas (magnet-
ization values) were corrected for saturation and used for
calculation of the thermal equilibrium values of the peak
integrals (relative phosphorus densities). The ATP-b values
were used as a measure of total ATP concentration. Because
absolute quantification of the energy-rich phosphorus com-
pounds was not possible, the tissue contents of PCr, ATP and
Pi were expressed as PCr/Pi and PCr/ATP ratios of the
integrated peak areas of the spectra. The presence or absence
of the PDE peak was also noted. The intracellular pH values
were determined on the basis of the chemical shift (distance
in parts per million) difference between the Pi and PCr
peaks. pH values were then calculated by fitting these
differences to the Henderson–Hasselbalch equation [22].

Amino acid analysis

Plasma amino acid concentrations were measured using an
automatic amino acid analyser (Alpha Plus, LKB, Munich,
Germany) [23].

Statistical analysis

Data are presented as means and SD, and, where appro-
priate, as 95% confidence intervals (95% CI). Data on
the patients and control subjects were compared using
Student’s two-sample t-test with unequal variances. Pear-
son’s product moment correlation coefficient (r) was used
to quantify correlations. The values were regarded as
significant at P < 0·05.
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Ethics

The study was approved by the joint ethics committee of
the University and the University Central Hospital of
Turku. The patients and control subjects and/or their
guardians gave written informed consent for the study.

Results

31P-MR spectra were obtained from the resting calf muscle
of the study subjects (Fig. 1). The PCr, Pi and ATP peaks
of the control subjects showed only small interindividual
variation. The spectra were also uniform within the group
of GA patients but differed clearly from the control group,
whereas the spectra of patients with retinitis pigmentosa
resembled those of the control subjects.

The mean value of the PCr/Pi ratio of the patients
with GA was 4·66 (SD 0·37, n ¼ 23), and it was 9·75
(SD 2·17, n ¼ 33) for their control subjects; for patients
with retinitis pigmentosa and their control subjects it
was 9·61 (SD 2·02, n ¼ 8) and 9·12 (SD 2·57, n ¼ 8)

respectively. The corresponding PCr/ATP ratios were
2·85 (SD 0·37, n ¼ 23), 3·70 (SD 0·50, n ¼ 33) and 4·28
(SD 0·45, n ¼ 8) and 3·74 (SD 0·25, n ¼ 8), i.e. the values
in both control groups were almost identical. The PCr/Pi

ratio of the GA patients was markedly lower than the
control value (95% CI for the patients was 4·25–5·07 vs.
8·98–10·5 for the control subjects; P < 0·0001). The PCr/
ATP ratio of the GA patients was similarly decreased (95%
CI 2·69–3·01 vs. 3·52–3·88 for the control group;
P < 0·05) (Fig. 2). Male subjects in both the GA and
their control group had slightly lower values than did the
female subjects (data not shown). Neither the PCr/Pi nor
PCr/ATP ratio was related to age or fasting plasma
ornithine concentrations in patients with GA (data not
shown). The PCr/Pi ratio in patients with retinitis pigmentosa
(9·12; SD 2·57, n ¼ 8) did not differ from the control group
(9·61; SD 2·02, n ¼ 8), and the PCr/ATP ratio was slightly
higher in the retinitis patients (4·25; SD 0·45, n ¼ 8) than
in the control subjects (3·74; SD 0·25; n ¼ 8).

The presence or absence of the PDE peak was age
dependent; it was not detectable in the spectra of the
youngest GA patients or of the control subjects. There
were no peaks suggesting the presence of abnormal
energy-rich compounds. The mean pH values of the
mid-calf muscle, calculated from the spectra, were all
within the physiological range, and almost identical
(7·05 6 0·02 vs. 7·04 6 0·02 among the GA patients and
their control subjects and 7·06 6 0·02 vs.7·03 6 0·02
among the retinitis pigmentosa patients and their control
subjects).

Discussion

The PCr/Pi and PCr/ATP ratios were markedly lower in the
resting skeletal muscle of all patients with GA than in
healthy control subjects as assessed by 31P-MRS. Because
the method allows only relative quantification of the con-
centrations of the energy-rich phosphates in tissues and
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Figure 1 31P-MR spectrum of the resting calf muscle of a male
patient with GA (a) and of a healthy male control subject (b).
The arrows indicate peaks of Pi, PCr and the three phosphorus
atoms in ATP (ATP g-phosphate, ATP a-phosphate and ATP
b-phosphate).

Figure 2 Mean and SD values of the PCr/Pi and PCr/ATP ratios
in 31P-MRS in patients with gyrate atrophy of the choroid and
retina (GA), in adult subjects with autosomal recessive retinitis
pigmentosa (RP) and their corresponding control subjects (C).
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because our values in healthy subjects were comparable
with previous reports [24,25], the grossly subnormal PCr/
Pi and PCr/ATP ratios in the muscle of GA patients could
be explained either by decreased creatine phosphate or by
increased inorganic phosphate or ATP concentrations. The
fact that both the PCr/ATP and PCr/Pi ratios were sub-
normal in all our GA patients makes the possibility of a
simultaneous increase in both ATP and Pi values with a
stable PCr concentration very unlikely. Consequently,
there appears to be a decreased concentration of creatine
phosphate in the calf muscle of GA patients.

The PCr/Pi and PCr/ATP ratios are sensitive indicators
of changes in the energy state of the tissue. These ratios
may also reflect the level of physical activity [26] and might
thus be secondarily diminished because of lack of physical
exercise. This does not seem to be the case in the present
study groups, as the 31P spectra were similarly abnormal in
all GA patients irrespective of age. The GA children with
nearly normal vision and the young GA adults who had
only relative constriction of the visual fields reported quite
normal and regular physical activity, and even the oldest
blind or nearly blind patients participated actively in
normal daily life. The patients with retinitis pigmentosa
who had a similar degree of visual handicap as the GA
patients with the more advanced disease showed normal
PCr/Pi and PCr/ATP ratios. Thus, possible decrease in
physical activity due to poor vision was not important
enough to affect muscle phosphocreatine metabolism and
would not explain our findings.

Patients with GA gradually develop selective atrophy of
skeletal type II muscle fibres, and characteristic tubular
aggregates become visible using electron microscopy [5].
Healthy type II (‘fast-twitch’) muscle fibres have higher
PCr/ATP ratios than type I (‘slow-twitch’) fibres [27,28].
Thus, the decreased PCr/ATP ratio in GA muscle is
consistent with the observation that the morphological
findings are restricted to type II muscle fibres [5]. In
experimental models, creatine depletion induces similar
specific atrophy of type II muscle fibres, which does not,
however, cause overt muscular symptoms. This is probably
due to muscular adaptation, as the remaining type II fibres
increase their aerobic power while the glycolytic capacity
decreases, and type I fibres also compensate for the type II
atrophy [29,30]. Similar mechanisms may explain the
absence of clinical muscle symptoms in most patients
with GA, although they may show impaired performance
when speed and acute strength are needed [5].

The spectrum of high-energy phosphate compounds is
altered in the muscles of patients with Duchenne dystro-
phy, Werdnig–Hoffmann disease, dermatomyositis and
some other muscle diseases, but in these conditions the
magnitude of the decrease in PCr/Pi and PCr/ATP ratios
closely reflects the clinical stage of the disease and degree of
muscle destruction [31–34]. In contrast, the decrease in
the ratios was similar in the GA patients who represented
all stages of the disease. The ratios were equally abnormal
even in our youngest patients, although the morphological
changes appear only at or after puberty and progress with
age [5,6]. This discrepancy suggests that the altered 31P

spectrum may be a primary pathogenetic phenomenon in
GA rather than a secondary change caused by the age-related
type II muscle fibre atrophy.

The content of PDE in muscle increases with age as
assessed using 31P-MRS [26]. This trend was apparent in
healthy control subjects as well as in patients with GA. The
increased PDE content has been used as an indicator of
the extent of fibre degradation in patients with muscle
degeneration [26]. Intriguingly, a PDE peak appeared
equally often in the MR spectra of the GA patients, the
healthy control subjects and the patients with retinitis
pigmentosa, suggesting that the muscle PDE content is
apparently not a very valuable measure of the progression
of type II fibre atrophy in GA.

The PCr/Pi and PCr/ATP ratios were uniformly low in
all GA patients, and there was no relationship to ornithine
concentrations, which were universally 10- to 20-fold
higher in the plasma of the GA patients than in the healthy
subjects. The cytoplasmic and intramitochondrial orni-
thine concentrations were probably sufficiently raised in
all patients to strongly restrict the function of arginine-
glycine transamidinase. We thus suggest that the high
intracellular ornithine concentration in GA might directly
reduce the creatine phosphate stores by disturbing the
endogenous synthesis of the creatine moiety.

The changes in the fundi and the degeneration of type II
muscle fibres progress in parallel in patients with GA. The
muscle changes are, however, clearly self-limited, whereas
the retinal changes progress relentlessly and lead to total or
almost total chorioretinal atrophy and blindness [2,3].
Similar mechanisms may act both in the retina and in the
muscle tissue; a decreased proportion of creatine phos-
phate of the total energy-rich phosphate pool might lead
to cellular damage during instances of momentarily extra-
ordinary energy demands. Because it is currently not
possible to carry out 31P-MRS of the retina or retinal
pigment epithelium in vivo, other techniques such as
biochemical studies in knock-out or transgenic OAT–/–
mice may be needed to show if the content of energy-rich
phosphates is also abnormal in the retina. Frequent and
recurring bursts of energy consumption and small energy
reserves [35,36] should make the retinal pigment epi-
thelium especially vulnerable. In healthy men, creatine
supplementation increases creatine and phosphocreatine
concentrations in muscle [15]. Also in GA patients, long-
term treatment with supplementary creatine normalized
the morphological changes in the muscle, but it had no
effect on the progression of the eye changes, possibly
because of poorer entry of creatine into the retinal
cells [37]. If both eye and muscle changes are mediated
via phosphocreatine deficiency, an arginine-free diet, which
quickly normalizes plasma ornithine concentrations and
thus abolishes the inhibitory effects on creatine biosyn-
thesis, should correct the PCr/ATP and PCr/Pi in all
tissues.

In summary, all GA patients irrespective of age or gender
had markedly abnormal 31P-MR spectra in the resting calf
muscle; the PCr/ATP and PCr/Pi ratios were uniformly
decreased. Assuming that similar alterations in the pool of
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energy-rich phosphate prevail in the retinal pigment epithe-
lium of the patients, we propose that disturbed cellular
energy production might explain at least part of the patho-
genesis of GA. This hypothesis links together the mutations
in the ornithine aminotransferase gene, the resulting hyper-
ornithinaemia and the progressive eye and muscle changes
in GA.
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