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Brain and muscle energy metabolism studied in
vivo by 31P-magnetic resonance spectroscopy in
NARP syndrome

Raffaele Lodi, Pasquale Montagna, Stefano lotti, Paolo Zaniol, Piero Barboni,
Piero Puddu, Bruno Barbiroli

Abstract
Phosphorus magnetic resonance spec-
troscopy ("P-MRS) was used to study in
vivo the energy metabolism of brain and
skeletal muscle in two members of an
Italian pedigree with NARP syndrome
due to a point mutation at bp 8993 of
mtDNA. In the youngest patient, a 13
year old girl with retinitis pigmentosa,
ataxia, and psychomotor retardation,
there was an alteration of brain energy
metabolism shown by a decreased phos-
phocreatine content, increased [ADP]
and decreased phosphorylation potential.
The energy metabolism of her skeletal
muscle was also abnormal, as shown by
resting higher inorganic phosphate and
lower phosphocreatine concentrations
than in normal subjects. Her mother, a
41 year old woman with minimal clinical
involvement, showed a milder derange-
ment of brain energy metabolism and
normal skeletal muscle. Findings with
MRS showed that this point mutation of
mtDNA is responsible for a derangement
of energy metabolism in skeletal muscle
and even more so in the brain.

(7NeurolNeurosurg Psychiatry 1994;57:1492-1496)
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We recently reported an Italian pedigree with
NARP syndrome,' a neurological disorder
described by Holt et al2 and characterised by
retinitis pigmentosa, ataxia, and psychomotor
retardation. The disease is associated with a
mitochondrial DNA (mtDNA) point muta-
tion at bp 8993 causing a substitution of a
thymine by a guanine in the gene coding for
the subunit 6 of ATPase. The resulting
replacement of a leucine with an arginine
moiety in the hydrophobic sequence of the
protein interferes with the membrane H+
channel formed by subunits 6 and 9 of
ATPase. This reduces the rate of oxidative
phosphorylation measured in vitro in isolated
mitochondria prepared from lymphoblast cell
lines from patients with this mutation.4 An
obvious in vivo functional consequence
should be a deficit of energy metabolism in
the patients with this mtDNA mutation,
seemingly with a major involvement of the
brain. The real in vivo tissue bioenergetics in
NARP syndrome, however, have yet to be
established.

Phosphorus magnetic resonance spec-
troscopy (3P-MRS) is the only available non-
invasive in vivo method to assess

mitochondrial function in the brain5-7 and
other organs8-'0 by measuring the relative
intracellular concentrations of phosphocrea-
tine [PCr], adenosine triphosphate [ATP],
and inorganic phosphate [Pi]. This method is
also very sensitive in detecting minimal
defects of cellular oxidative metabolism even
in the absence of any symptoms or signs.6 11-14
We report here a study performed by 31p_

MRS on brain and skeletal muscle of two
members from the above pedigree' to assess
whether the mtDNA point mutation at bp
8993 found in these patients resulted in a
deficient energy metabolism. We also related
the degree of mitochondrial functionality in
these organs to the percentage of hetero-
plasmy and clinical involvement.

Patients and methods
PATIENTS
Figure 1 reports the pedigree of the family
from which we studied two of the affected
members. The family had no record of other
relatives with neuroophthalmic disorders.

Patient II-1, a 41 year old woman, had
muscle fatigue, headache, and late mild mem-
ory loss. Neurological examination disclosed
generalised hypotonia, slight proximal leg
weakness, absence of knee and ankle jerks,
and a minimal Romberg sign. Ophthalmo-
scopic examination and electroretinography
were normal. An ECG, EEG, brain CT and
MRI, EMG, serum creatine kinase and lactate
(at rest and after effort), muscle biopsy
(absence of ragged-red fibres), and spec-
trophotometric assay of respiratory chain
enzymes (NADH dehydrogenase, succinate
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Figure 1 Pedigree of the family with NARP syndrome.
Closed symbols indicate the affected members.
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dehydrogenase, NAD-cytochrome C reduc-
tase, cytochrome C oxidase) were also nor-
mal. A mutation of mtDNA at bp 8993 was
detected, as described,' in 10% of mtDNA
from leucocytes, skeletal muscle, urinary tract
epithelia and hair.

Patient III-1, the 13 year old daughter of
patient II-1, had neonatal icterus and has had
psychomotor retardation since birth.
Neurological examination showed dysarthria,
diffuse hypotonia, muscle wasting and weak-
ness, dysmetria, incoordination, gait ataxia
with a Romberg sign, and weak tendon jerks.
Ophthalmoscopic examination showed a
bilateral retinitis pigmentosa, and elec-
troretinography a subnormal photopic
response. Brain CT and MRI disclosed cere-
bellar and brainstem atrophy without cortical
cerebral involvement, EEG showed slow
background and paroxysmal diffuse activity,
and EMG showed neurogenic atrophy and
decreased amplitude of sensory evoked poten-
tials in the legs. An ECG was normal, as were
serum creatine kinase and lactate (at rest and
after effort), muscle biopsy (absence of
ragged-red fibres), and spectrophotometric
assay of respiratory chain enzymes (NADH
dehydrogenase, succinate dehydrogenase,
NAD-cytochrome C reductase, cytochrome C
oxidase). The 8993 mitochondrial DNA
mutation was detected as described' in 75%
of mtDNA from leucocytes, muscle, urinary
tract epithelia, and hair.

Informed consent was obtained from both
patients.

PHOSPHORUS MAGNETIC RESONANCE
SPECTROSCOPY (31P-MRS)
This was performed by a GE 1-5 Tesla Signa

Table 1 Brain (occipital lobes) 31P-MRS data and mitochondrialfunction of two
patients with NARP syndrome and 20 sex and age matched normal subjects.
Examinations were repeated after an interval of 18 months

3'P-MRS values Calculated mitochondrial values

[PCrl [PI [ADP] V/Vmax PP
(mM) (mM) pH (pM) (%) (mMJ

Patient II-1:
1st examination 3-87 1-47 7-02 35 60 58
2nd examination 3-72 1-53 7 00 36 61 55

Patient III- 1:
1st examination 3-20 1-77 7 05 50 68 34
2nd examination 3-42 1-94 7 05 45 66 35

Controls (20) 4-44 1-28 7 03 28 55 83
(mean (SD)) (0-28) (0-12) (0-018) (2 6) (2 0) (7-4)

PP = phosphorylation potential.

Table 2 31P-MRS data of calf muscle at rest and recoveringfrom exercise of two patients
with NARP syndrome and 20 normal sex and age matched control subjects

Resting calf muscle Recoveringfrom exercise

[PCr] [PIN [TI]/ pH TC PCr TC Pi
(mM) (mM) [PCr] (s) (s)

Patient II-1:
1st examination 26-5 4-17 0-157 7 04 37 32
2nd examination 26-0 4-06 0-156 7 04 40 35

Patient III-1:
1st examination 23-5 5-12 0-218 7-06
2nd examination 23-9 5-34 0-223 7 03

Controls (20) 27-9 3-86 0-137 7 07 36 34
(mean (SD)) (1-94) (0 49) (0-018) (0-021) (3 97) (3-91)

Initial recovery is reported as time constant (TC) of the monoexponential equation best fitting
the experimental points. Patient III-1 was not able to exercise properly because of mental
retardation.

system with a spectroscopy accessory using a
surface coil provided by GE and according to
the quantification and quality assessment pro-
tocols defined by the EEC Concerted
Research Project on Tissue Characterisation
by MRS and MRI, COMAC-BME II.1.3.'5

Brain 3"P-MRS was performed on occipital
lobes as reported.'2 14 Briefly, spectra were
acquired by a GE 1-5 T Signa system with a
spectroscopy accessory by a surface coil posi-
tioned on the occipital region after imaging
the brain. The depth resolved surface coil
spectroscopy (DRESS) localisation tech-
nique'6 was used to avoid contribution to the
signal by neck muscles, skin, and other inter-
posed tissues. The stimulation-response
sequence was repeated every five seconds.
The flip angle in the selected volume was
about 30 degrees, and it was not necessary to
introduce any correction for saturation effects
due to repetition time. Four hundred free
induction decays (FIDs) were accumulated to
have a signal to noise ratio of 9 to 12 for fi
ATP. A computerised curve fitting program
was used to quantify the individual peaks of
the spectrum.5 1214 By assuming a cytosolic
[ATP] of 3 mM'7 we calculated concentra-
tions of inorganic phosphate [Pi] and phos-
phocreatine [PCr], [ADP] from the creatine
kinase equilibrium,'8 the relative rate of ATP
biosynthesis (VIVmax) from the Michaelis
and Menten equation,'8 and the phosphoryla-
tion potential.'9

Muscle 3"P-MRS was performed on the
dominant gastrocnemius20 by the pulse and
acquire technique (repetition time of five sec-
onds), firstly at rest, then during isokinetic
exercise performed by a pneumatic ergome-
ter,2' and finally during recovery from exer-
cise. The [Pi] and [PCr] at rest were
calculated assuming a cytosolic [ATP] of 8
mM.22 The rate of postexercise recovery was
calculated from the monoexponential equa-
tion best fitting the experimental points and
reported as time constant (TC).

Intracellular pH was calculated from the
shift of Pi from PCr."

CONTROL SUBJECTS
Control subjects were 20 healthy women aged
14 to 50. No athletes were included in the
study. Brain and muscle MRS data did not
show any significant age related difference in
our control group. Control figures are pre-
sented as means (SD). A variable was consid-
ered normal when it fell within the range of
mean controls (2SD).

Results
Both patients were examined by 3"P-MRS
twice, as we examined them again 18 months
after the first examination (tables 1 and 2).

Figure 2 shows the 3"P-MR spectrum of
occipital lobes from patient III-1 compared
with an age and sex matched control. The res-
onance peak of PCr was lower in this patient,
and the Pi peak was higher; the ,B ATP peaks
were of the same intensity. The calculated
[PCr] was very low (more than 3 SD from the
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Figure 2 3'P-MRS of
occipital lobes from patient
III-I (A) compared with
an age and sex matched
normal volunteer (B). The
phosphomonoester peak is
located to the left of the PI
peak; the phosphodiester
peak is located between the
PI and the PCr peaks.

A PCr

Pi

B

ATP
a
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control mean) in both examinations, whereas
the decrease in [PCr] was less in her mother's
brain (subject II-1) in both examinations
(table 1). The [Pi] increased in both patients
and was higher than 3 SD in the daughter and
borderline in her mother (table 1). The
[ADP], calculated from the creatine kinase
equilibrium,'8 and the percentile value of the
maximal rate of ATP biosynthesis (VNmax)
also increased, with higher values in the
daughter than in her mother. The phosphory-
lation potential was reduced to 41% and 68%
of the mean control value in daughter and
mother respectively.

Figure 3 shows the spectra of resting calf

muscles from patient III-1 (spectrum A) and
an age and sex matched control (spectrum B).
This patient showed a significant increase in
[Pi], a decrease in [PCr], and a remarkable
increase in the [Pi]/[PCr] ratio, all variables
being more than 2 SD from the control means
(table 2). On the other hand, patient II-1
showed MRS data of resting calf muscles
within the normal range (table 2). She also
showed normal rates of PCr and Pi postexer-
cise recovery as shown by the time constant of
the monoexponential equation best fitting the
experimental points (table 2). Muscle intra-
cellular pH was within the normal range in
both patients (table 2).

Discussion
We studied only two of the three affected
members of the described Italian family with
NARP syndrome'-namely, the mother (II-1)
and her youngest daughter (III-1) (fig 1), as
we were unable to perform MRS on the third
affected member of the pedigree (III-2, the
eldest daughter) because of lack of coopera-
tion due to severe psychomotor retardation.
We used neither partial nor total anaesthesia
as it could have interfered with brain mea-
surements.

Brain [PCr] was lower and [Pi] higher than
the controls in both patients, especially in the
daughter, the one with definite signs of CNS
involvement. As a consequence, [ADP], cal-
culated from the creatine kinase equilibrium,'8
was also high, the difference from the mean
control value being higher in the patient with
encephalopathy. It has long been recognised
that ADP is the major control molecule of
mitochondrial respiration,24 the relation
between the rate of mitochondrial ATP

Figure 3 3'P-MRS of
resting calfmusclefrom
patient III-1 (A) and a
sex and age matched
normal volunteer (B).
Each spectrum consists of
60 scans over a period of
five minutes. Resonance
assignments as in fig 2.
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biosynthesis and [ADP] having the character-
istics of a rectangular hyperbola.'825 There-
fore, a high concentration of cytosolic free
ADP indicates that brain cells are operating
nearer to the asymptote of the hyperbola of
ADP control of respiration and that they are
less able to handle any further energy
demand. From this it follows that the higher
[ADP] found in the brain tissue of patient III-
1 indicates a more unstable metabolic condi-
tion than that of her mother.

Defective mitochondrial function in both
patients was also shown by a higher relative
rate of ATP biosynthesis (VNmax), which
was higher in the daughter than in her
mother. We can offer two explanations: either
an increased rate of electron transport in func-
tioning mitochondria compensates for the
failure of those mitochondria that are unable
to satisfy the cell's energy demand, or the the-
oretical maximal velocity of mitochondrial
ATP biosynthesis (Vmax) has a lower value
due to the underlying gene defect. As a conse-
quence, the phosphorylation potential, an
index of the cells' readily available free
energy,'9 was also lower in patient III-1 than
in patient II-1, being reduced to 41% and
68% of the mean control value respectively.
This finding again reflects a more unstable
metabolic condition in patient III-1 than in
her mother.

Similar results were also obtained from the
skeletal muscle of both patients. Patient III-1
could only be examined at rest due to the
severity of her psychomotor retardation; how-
ever, 3P-MRS performed at rest was suffi-
cient to disclose a failure of mitochondrial
respiration because of the high degree of
defect owing to the presence of 75% mutated
mtDNA. A deficient muscle mitochondrial
respiration was shown in this patient by a high
[Pi] accompanied by a low [PCr] leading to a
consequent increase in the [Pi]/[PCr] ratio.
The [Pi]/[PCr] ratio is known to represent the
cytosolic [ADP],'52526 which is below the sen-
sitivity of in vivo MRS: the higher the
[Pi]/[PCr] ratio, the higher the [ADP].
On the contrary, MRS performed on the

resting calf muscle of patient II-1 did not
show any deficit of mitochondrial respiration.
To investigate muscle mitochondria function
in this patient more thoroughly we also
stressed muscle energy metabolism by exercis-
ing her calf muscle inside the magnet to study
the kinetics of transitions from the resting
state 4 to the activated state 3 of mitochondr-
ial respiration and vice versa. Even under
these stressful conditions muscle mitochon-
dria did not show any abnormal functionality,
as a normal rate of PCr resynthesis was found
during recovery from exercise (table 2), which
is known to depend entirely on mitochondrial
respiration.2728

In the mother 10% of mutated mtDNA did
not cause any deficit of muscle mitochondrial
respiration even though the patient com-
plained of muscle fatigue. In view of the ability
of 31P-MRS to disclose small deficits of mito-
chondrial respiration even in the absence of
any symptoms and signs,6 "-'4 muscle fatigue

complained of by this patient could be due to
subtle neurogenic or CNS involvement.
We do not know the level of heteroplasmy

in the brains of our patients. Harding et al
found a good correlation between the amount
of mutant mtDNA in muscle and brain in a
foetus with the same point mutation at bp
8993 of mtDNA.29 If we assume that this is
also the case in our patient II-1, the same
degree of heteroplasmy (10%) in both brain
and skeletal muscle results in a defective
energy metabolism in brain and not in muscle
because of a major reliance of brain cells on
mitochondrial energy production compared
with skeletal muscle.'0 On the other hand, we
cannot exclude the possibility that a percent-
age of mutated mtDNA higher in brain than
in skeletal muscle allows a mild defect of brain
energy metabolism to be detected by 31P_
MRS. From this interpretation it follows that a
percentage of mutated mtDNA higher than
10% is needed to determine a mild impair-
ment of brain energy metabolism detectable
by 3"P-MRS, whereas a much higher percent-
age is needed to modify other instrumental
indexes. A final understanding of this point-
that is, the minimal percentage of mutated
mtDNA needed to determine a deficit of
energy metabolism detectable by 3"P-MRS,
and that which is able to elicit clinical symp-
toms-needs a larger number of patients with
the same gene defect, different levels of het-
eroplasmy, and different degrees of mitochon-
drial malfunction.

Variables measured by 3"P-MRS are very
sensitive indexes of muscle mitochondrial
function either primary or secondary in
nature. Hence, our findings, even if not spe-
cific for NARP syndrome, are typical of mito-
chondrial malfunction and overlap the MRS
findings of other mitochondrial cytopathies
due to different mtDNA defects.6 114
Our new finding of a defective energy

metabolism in both brain and skeletal muscle
in patients with NARP syndrome owing to
point mutation at bp 8993 of mtDNA con-
firms our previous findings in larger series of
patients with different mitochondrial
cytopathies" 12 14 that energy metabolism may
be impaired in the absence of symptoms and
signs, and that the phosphorylation potential
is lower when encephalopathy is present.
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