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Leigh disease can be caused by defects of both nuclear
and mitochondrially encoded genes. One mitochondrial
DNA mutation, G14459A, has been associated with both
respiratory chain complex I deficiency and Leber’s hered-
itary optic neuropathy, with or without dystonia. Here,
we report the occurrence of this mutation in 3 complex
I–deficient patients from 2 separate pedigrees who pre-
sented with Leigh disease, with no evidence or family his-
tory of Leber’s hereditary optic neuropathy or dystonia.
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Leigh disease (LD), or subacute necrotizing encephalo-
myelopathy, is a neurodegenerative disease caused by
defects in mitochondrial energy generation, including
pyruvate dehydrogenase and components of the respi-
ratory chain.1 It is characterized by progressive neuro-
logical disease with motor and intellectual regression,
with onset typically in infancy, and by characteristic
lesions of the basal ganglia and brainstem. Elevated lac-
tate levels in both blood and cerebrospinal fluid (CSF)
are often present. Respiratory chain complex I defi-
ciency is one of the most common causes of LD,
affecting 12 of 35 patients in our study of LD in Aus-
tralia.1 We have now studied 57 patients with isolated
complex I deficiency, 23 of whom presented with LD.

A number of mutations of mitochondrial DNA
(mtDNA) have been reported in LD, including some
associated with complex I deficiency. Mutations of the

mtDNA tRNA-leucine UUR gene as well as defects in
the mitochondrial genes encoding complex I subunits
can cause complex I deficiency.2 Among the mtDNA
point mutations in subunit genes affecting complex I
activity are several that have been reported in Leber’s
hereditary optic neuropathy (LHON), a condition
characterized by the sudden onset of blindness, often
in young adulthood. One of these point mutations,
G14459A, in the gene encoding the ND6 subunit of
complex I has been described in patients with LHON
or dystonia, or a combination of both LHON and dys-
tonia.3–5 Here, we report on 3 complex I–deficient pa-
tients from 2 unrelated families presenting with LD, in
whom the G14459A mutation in the ND6 gene was
found. Dystonia was not a prominent feature of their
disease, and blindness was not present.

Patients
Patient 1 was investigated at 9 months of age because of
delay in motor milestones and extreme hypotonia. He had
no dysmorphic features. Blood and CSF lactate levels were
moderately elevated at 3.4 and 3.6 mM, respectively (nor-
mal , 2.5 mM). A computed tomography scan at this time
showed bilateral low-density lesions of the basal ganglia con-
sistent with LD. Electromyographic and nerve conduction
studies were normal. At the age of 4 years and 5 months, he
was having one to four seizures each day, and the clinical
picture had changed from hypotonia to spasticity. At the age
of 4 years and 10 months, he had an episode of constant
head turn to the right which was attributed to a persistent
asymmetrical tonic neck reflex but which, in retrospect,
could be interpreted as dystonic posturing. His condition de-
teriorated over the next few years, with increasing seizures,
and he died of respiratory arrest at the age of 6 years and 11
months.

Patient 2, the brother of Patient 1, presented at 3 months
of age with roving eye movements, hypotonia, and neurolog-
ical and developmental regression. At the age of 7 months,
he was admitted to the hospital with an intercurrent infec-
tion, and seizures were noted. Neurological opinion then was
that his features were consistent with LD, although no neu-
roimaging was performed. Blood and CSF lactates were 4.0
and 4.2 mM, respectively. He collapsed suddenly at the age
of 10 months with profound metabolic acidosis and died.

Patient 3, a girl, was the first child of nonconsanguineous
parents. Developmental delay was apparent at the age of 6
months, with athetosis, abnormal extraocular movements,
and hypotonia. Regression was apparent at the age of 8
months, when she presented for investigation. Blood and
CSF lactates were 5.4 and 4.4 mM, respectively. Magnetic
resonance imaging showed cerebral atrophy, involvement of
basal ganglia, medial thalamic nuclei, anterior pons, and ce-
rebral peduncles consistent with LD. She deteriorated rap-
idly, with episodes of hypoventilation, and died at the age of
8 months.

Results and Discussion
Complex I deficiency was demonstrated in mitochon-
dria from cultured fibroblasts of Patients 1 and 3 and
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in skeletal muscle and liver homogenates from Patients
2 and 3 (Table). The G14459A mutation was detected
by restriction fragment length polymorphism analysis
as described2 and confirmed by sequencing part of the
ND6 gene. The mutation was present at a greater than
95% mutant load in these tissues. The quantification
method cannot detect extremely small proportions
(,1%) of one species of mtDNA, but blood from Pa-
tient 3 seemed to be homoplasmic for mutant
mtDNA, and blood from her mother and maternal
grandmother seemed to be homoplasmic for wild-type
mtDNA. The mother of Patients 1 and 2 declined
mtDNA testing. Sequencing of nucleotides 1 to 391 of
the hypervariable D-loop region of mtDNA from Pa-
tients 1 and 3 showed that the two D-loop sequences
differed at three locations: nt 152 (T in Patient 1, C in
Patient 3), nt 195 (C in Patient 1, T in Patient 3), and
an insertion of two extra C’s in the string of seven C’s
from nt 303 to nt 309 in Patient 1, indicating that
these two families are not related.6

We have studied 23 complex I–deficient LD patients
and have found 3 patients from 2 unrelated pedigrees
with the G14459A mutation. These 3 patients had lac-
tic acidosis, regression, and symptoms of brainstem
dysfunction. Neuroimaging was performed in Patients
1 and 3, and computed tomography or magnetic reso-
nance imaging findings were consistent with LD. Dys-
tonia was not present in Patients 2 and 3. There was
an episode in Patient 1 that could be interpreted as
dystonic posturing, but this was not a prominent feature
of his disease. There was no other history of blindness or
dystonia in the patients or their families. Histochemical
examination of skeletal muscle from Patients 1 and 3
showed only nonspecific changes.

The G14459A mutant loads were greater than 95%
in our 3 patients. There does not seem to be a simple
correlation between mutant load and clinical features.
In the initial family reported on,4 individuals with a
greater than 99% load presented with only dystonia or
only LHON. One asymptomatic individual was re-

ported to have 99% mutant mtDNA in lymphoblasts;
however, this could possibly be an artifact of transfor-
mation and cell culture, where a clone with a high pro-
portion of mutant mtDNA may have predominated. In
the additional 2 families reported on by Shoffner and
co-workers,5 some individuals were symptomatic with
a 50% mutant load. These investigators propose that
the G14459A mutation has a high degree of tissue
specificity, affecting optic nerve and basal ganglia. The
clinical features of our patients suggest that the muta-
tion can have more systemic manifestations. It seems
that the subunit affected by the G14459A mutation,
ND6, is essential for the correct assembly of the mul-
tisubunit complex I.7 At the high mutant loads found
in our patients, it is possible that complex I assembly is
compromised.

The G14459A mutation in the mtDNA gene encod-
ing the ND6 subunit of complex I has not previously
been associated with LD. Transmitochondrial cybrid
studies have shown that this mutation causes a defect
of complex I activity.8 The G14459A mutation fulfills
accepted criteria for pathogenicity, and there seems lit-
tle doubt that it is causative of complex I–deficient LD
in our 2 unrelated families. It is unclear whether the
severe phenotype in our 2 families is a result simply of
higher mutant loads in certain brain regions or whether
some genetic or environmental cause has contributed
to the more severe phenotype compared with that of
other reported G14459A families. The latter possibility
is suggested by the recent description of severe neuro-
degenerative disease in a family with the common
LHON G11778A mutation,9 despite the fact that
most people who are homoplasmic for this mutation
are asymptomatic.

The 3 G14459A families already reported on had
different mtDNA haplotypes.5 Our 2 new families also
have different mtDNA D-loop sequences, confirming
that the mutation has occurred independently in mul-
tiple mtDNA lineages. Furthermore, the mother and
maternal grandmother of Patient 3 were apparently ho-

Table. Residual Complex I Activities and Mutant Loads in Tissues from Patients with the G14459A Mutation

Family A Family B

Patient 1 Patient 2 Patient 3 Mother
Maternal

Grandmother

Fibroblasts Muscle Liver Fibroblasts Muscle Liver Blood Blood Blood

Mutation (%) 97 97 97 99 95 98 .99 ,1 ,1
Complex I (%)

(normal range)
25 (50–145) 6 (36–167) 46 (65–137) 15 (50–145) 16 (36–167) 37 (65–137)

Complex I activity is expressed as a percentage of the control mean relative to citrate synthase.2 Mutant load is expressed as the percentage of
mutant genomes. Respiratory chain enzymology and mitochondrial DNA mutation analysis were performed as described elsewhere.1,2 Quan-
tification of mutant loads was performed by labeling polymerase chain reaction (PCR) products with [a-33P]dCTP during the last PCR cycle,
digesting the products with MaeIII, and analysis on a 5% nondenaturing polyacrylamide gel. The proportion of mutant load was quantified
using a Storm PhosphorImager with ImageQuant software (Molecular Dynamics, Sunnyvale, CA). Patients 1 and 2 are Patients 14a and 14b
in the report by Kirby and co-workers2 and Patients 22a and 22b in the report by Rahman and colleagues.1
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moplasmic for the normal sequence at nt 14459. Al-
though this does not exclude the possibility of higher
mutant loads in other tissues, it suggests that the mu-
tation may have arisen de novo in Patient 3.

In our group of 23 complex I–deficient LD patients,
the G14459A mutation is present in the 3 patients we
describe here, representing 2 pedigrees in a total of 21.
We have screened all patients referred to us in whom
dystonia was a feature for investigation of possible mi-
tochondrial disease as well as all patients found to have
complex I deficiency, a total of 93 patients. No further
patients have been found to harbor the mutation.
Shoffner and co-workers5 screened 19 patients with
LD and found no patients with the mutation; hence,
they concluded that this was not a common cause of
LD. Our results demonstrate that this mutation should
be tested for in LD patients with proven complex I
deficiency. Furthermore, because dystonia has been re-
ported as a major feature of LD,10 it should be tested
for in patients presenting with dystonia or other move-
ment abnormalities that may reflect basal ganglia dam-
age and LD. Several other mtDNA point mutations
have been implicated in LD both in subunit genes11–14

and in tRNA genes.15–17 Although maternally inher-
ited mtDNA mutations are probably not a major cause
of complex I–deficient LD, it is important to identify
those cases in which they are causative. There are con-
siderable implications for genetic counselling and pre-
natal diagnosis.

This study was supported in part by an institute grant from the
National Health and Medical Research Council of Australia.
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[18F]Fluorodeoxyglucose
Positron Emission
Tomography in the
Diagnosis of Cancer in
Patients with Paraneoplastic
Neurological Syndrome and
Anti-Hu Antibodies
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C. Confavreux, MD,§ A. Vighetto, MD,‡
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and J. Honnorat, MDi

The diagnosis of cancer is often difficult in patients with
paraneoplastic neurological syndrome and anti-Hu anti-
bodies. Fluorodeoxyglucose 18 positron emission tomog-
raphy scanning is a highly sensitive and specific method
to detect lung tumors. We investigated 15 patients with
paraneoplastic neurological syndrome and anti-Hu anti-
bodies. Radiological methods led to the diagnosis of can-
cer in 12 patients, and test results were negative in 3.
Whole-body [18F]fluorodeoxyglucose positron emission
tomography showed abnormal uptake in the mediasti-
num in these 3 patients in accordance with the expected
location of the malignancy.
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[18F]Fluorodeoxyglucose positron emission
tomography in the diagnosis of cancer in
patients with paraneoplastic neurological

syndrome and anti-Hu antibodies.
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In patients with anti-Hu antibodies and paraneoplastic
neurological syndrome (PNS), the neurological disor-
der usually precedes the diagnosis of cancer by months
or even years.1,2 This diagnosis is often difficult with
conventional radiological investigations. In 75 to 85%
of cases, the tumor is a small cell lung carcinoma

(SCLC); however, in 50 to 60% of cases, the initial
radiological workup is negative, and in 5 to 10% of
patients, the tumor is not detected despite repetitive
investigations.1,2 An early diagnosis of the tumor may
be important because any delay could have deleterious
effects on the evolution of both the cancer and the
neurological syndrome. We report a study showing the
usefulness of [18F]fluorodeoxyglucose (FDG) positron
emission tomography (PET) imaging in the diagnosis
of tumors in patients with PNS and anti-Hu antibod-
ies when the cancer was not detected after an initial
radiological workup.

Cases and Methods
From January 1994 to May 1999, we investigated 15 con-
secutive patients (13 men and 2 women aged 55–80 years)
with PNS and anti-Hu antibodies. The neurological syn-
dromes included sensory neuropathy, paraneoplastic enceph-
alomyelitis, the association of paraneoplastic encephalomyeli-
tis and sensory neuropathy, and limbic encephalitis. Anti-Hu
antibodies were detected by immunohistochemistry and con-
firmed by Western blot analysis using the recombinant HuD
protein kindly furnished by Dr Josep Dalmau (Sloan Ketter-
ing Cancer Center, New York, NY).3 Once anti-Hu antibod-
ies were discovered in the serum of the patients, the diagno-
sis of PNS was made, and patients were investigated for
SCLC by chest radiography, chest computed tomography
(CT) scanning, and bronchofibroscopy. If the test results
were negative or inconclusive, another tumor was searched
for, particularly prostate cancer by means of abdominal and
pelvic CT scanning and echography. In 12 of 15 patients,
the diagnosis of cancer was obtained at first investigation and
confirmed by biopsy within 2 months of the detection of
anti-Hu antibodies. In 11 cases, the tumor was SCLC, and 1
patient had small cell prostate carcinoma. In 3 patients, in-
vestigation results were negative or inconclusive. In these pa-
tients, FDG-PET body scanning was then performed using
210 mBq of FDG and a Siemens exact HR1 tomograph.
Scanning involved chin to pelvis regions, starting from the
pelvis 45 minutes after injection. Transverse, coronal, and
sagittal planes were reconstructed.

Results
In the 3 patients undergoing FDG-PET scanning, ab-
normal uptake of FDG was demonstrated in the me-
diastinum. In 2 of these patients, renewed investiga-
tions led to the diagnosis of the cancer within 2
additional months. Investigation results were still neg-
ative in the third patient after 18 months. The detailed
data on these patients are now discussed.

Case 1
A 57-year-old man, who was a heavy cigarette smoker,
was referred for a 6-month history of anxiety and epi-
lepsy as well as recent memory loss consistent with
limbic encephalitis. General and neurological examina-
tion findings were normal. Electroencephalography
recorded epileptic discharges in temporal lobes. Brain
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magnetic resonance imaging (MRI) showed hippocam-
pal high signal on the T2-weighted sequences. Cere-
brospinal fluid (CSF) contained 66 mg/dl of protein
and one lymphocyte per cubic millimeter. Anti-Hu an-
tibodies were detected in the serum and CSF. On chest
CT scanning, two lymph nodes measuring less than
1.5 cm in diameter were present in the subcarenal
space of the mediastinum but were not considered by
the radiologist to have reached an abnormal size. Be-
cause the findings for another tumor were negative, a
PET scan was performed (Fig, A) and showed high up-
take of FDG in the mediastinum, left hilum, and left
parotid region. Because of these results, a second CT
scan was performed 6 weeks after the first one and
demonstrated increased size of the mediastinal lymph
nodes, now measuring 3 cm. Cervical CT scanning
and echography showed a lymph node 2 cm in diam-
eter located under the left parotid. This lymph node
was not accessible by palpation. Mediastinoscopy and a
surgical biopsy disclosed metastasis of SCLC. The pa-
tient received chemotherapy and radiotherapy.

Case 2
A 65-year-old man with a 60–pack-year history of cig-
arette smoking developed subacute and severe cerebel-
lar ataxia, ophthalmoplegia, left hearing loss, and tris-
mus. A CSF examination showed 26 white cells/mm3

(93% lymphocytes), 45 mg/dl of protein, and 15% oli-
goclonal IgG. Brain MRI was normal. Paraneoplastic
encephalomyelitis was suspected, and anti-Hu antibodies
were detected in the serum and CSF. Because investiga-
tions, including chest CT scanning and bronchofibros-
copy, were negative, FDG-PET was performed and re-
vealed localized uptake in the mediastinum (see Fig, B).
A new cytological bronchial aspiration analysis was per-
formed and showed abnormal cells. The patient was di-
agnosed with SCLC and received chemotherapy and ra-
diotherapy.

Case 3
This 75-year-old woman, who was a heavy smoker, ex-
perienced a subacute and painful asymmetrical sensory
loss in all four limbs with diffuse areflexia. Electrophys-
iology showed abnormal sensory action potentials with
normal motor and sensory conduction velocities con-
sistent with sensory neuronopathy. Anti-Hu antibodies
were detected in the serum. The workup for a tumor
was negative. The FDG-PET scan disclosed abnormal
uptake in the right mediastinum (see Fig, C). The level
of serum neuron-specific enolase progressively in-
creased. Nevertheless, a repeat chest CT scan after 18
months of follow-up failed to demonstrate mediastinal
lymph nodes that could undergo biopsy. As the neu-
ropathy induced only minor disability and had not
progressed 24 months after the onset of symptoms, the
patient was not treated for SCLC.

Fig. [18F]fluorodeoxyglucose PET scans of 3 patients. On the
left are coronal sections, and on the right are transverse sec-
tions. In each of them, an abnormal uptake was present in
the mediastinum (arrow). Patient 1 (A) also had abnormal
uptake in a cervical lymph node.
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Discussion
The diagnosis of cancer is frequently difficult in pa-
tients with PNS and anti-Hu antibodies. SCLC devel-
ops in most, and the tumor is often limited to the me-
diastinal lymph nodes.1,2 Chest CT scanning or MRI
is commonly used for the diagnosis of the tumor, but
in 50 to 60% of cases, the findings are negative at the
initial workup,2 probably because the size of the met-
astatic lymph nodes does not allow detection by these
methods.4 When SCLC is not apparent, other tumors
must be suspected such as prostate cancer, neuroblas-
toma, or sarcoma,1,2 and when careful investigations
are negative, it is recommended to repeat them every 6
months.5 It is probably important that the cancer be
diagnosed as soon as possible. Indeed, in patients with
anti-Hu antibodies, the tumor frequently has limited
extension1 and responds better to chemotherapy than
in patients without anti-Hu antibodies.6 Furthermore,
early treatment of the cancer probably affords a better
chance of stabilizing the PNS, which is frequently the
main cause of death and usually does not respond to
immunosuppressive treatment.7,8

In contrast to CT scanning, which relies on anatom-
ical and morphological criteria, FDG-PET scanning
depends mainly on the metabolic characteristics of the
studied tissue. Because glycolysis is increased in malig-
nancies, FDG-PET scanning seems to be a useful tool
for detecting tumors. A direct relation between tumor
growth and FDG uptake has been demonstrated in
lung cancer.9 Recent studies show that FDG-PET im-
aging is accurate in predicting mediastinal involvement
in patients with lung cancer. In most studies, the
method has at least a 90% sensitivity and specificity to
demonstrate the malignant nature of a radiologically
detected chest abnormality.9–12 Nevertheless, false-
positive results can occur with infectious or inflamma-
tory lesions.

In our 15 patients, the neurological disorders consis-
tent with PNS and the presence of anti-Hu antibodies
made the diagnosis of cancer highly probable. It was
confirmed in 12 of our patients by the usual radiolog-
ical methods, but it could not be established in 3 pa-
tients. In these 3 patients, FDG-PET scanning showed
abnormal uptake in the mediastinum that suggested
metastatic lymph nodes of SCLC. These 3 cases illus-
trate several aspects of the use of FDG-PET imaging in
patients with PNS. In Patient 1, the mediastinal lymph
nodes did not have a clearly abnormal size on the CT
scan. The FDG-PET scan prompted us to renew ra-
diological investigations long before the recommended
time, leading to the diagnosis of SCLC. In the 2 other
patients, chest CT scanning failed to disclose enlarged
lymph nodes. Because of the topography of FDG up-
take and the absence of a radiological target, thoracos-
copy and surgery were dismissed. In Patient 2, how-
ever, the combination of a single cytological positive

aspiration with a positive FDG-PET study was consid-
ered sufficient to justify treating the patient for SCLC.
In the last patient, pathological or cytological evidence
of SCLC is still pending 24 months after the onset of
symptoms. Because of the specificity of both anti-Hu
antibodies and FDG-PET imaging, this case raises the
question as to whether similar patients should be con-
sidered as having SCLC, despite the absence of patho-
logical evidence, with the possibility of treatment with
chemotherapy and radiotherapy if the neurological dis-
order progresses and becomes disabling.

We did not observe patients with anti-Hu antibodies
and negative PET studies. False-negative results are ex-
tremely rare with PET investigations and may corre-
spond to tumors with slow growth or a diameter less
than 1 cm.13 In this situation, it is recommended that
the PET study be repeated every 6 months. Indeed,
one should be extremely cautious when diagnosing a
patient with anti-Hu antibodies as not having under-
lying tumor because some patients with anti-Hu anti-
bodies develop an open cancer up to 8 years after the
onset of the neurological disorder.2

In conclusion, our study illustrates the use of whole-
body FDG-PET scanning in the diagnosis of cancer in
patients with PNS and anti-Hu antibodies who have
negative test results after an initial workup using radio-
logical methods.

This work was supported by La Ligue Contre le Cancer de le Loire,
La Ligue Contre le Cancer du Rhône, and l’Association pour la
Recherche Contre le Cancer.
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Linkage of Autosomal
Recessive Hereditary Spastic
Paraplegia with Mental
Impairment and Thin
Corpus Callosum to
Chromosome 15q13–15
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To date, three loci for autosomal recessive hereditary spas-
tic paraplegia (ARHSP) linked to chromosomes 8p12-q13,

16qter, and 15q13–15 have been characterized. We have
clinically characterized 13 Japanese ARHSP families and
performed genetic linkage analyses. All 13 families were
classified as having the “complicated” form, which man-
ifests with mental impairment and thin corpus callosum.
Linkage to the 8p12-q13 and 16qter loci was excluded,
although 10 of the 13 families showed marker data con-
sistent with linkage to the 15q13–15 locus. The multi-
point LOD score of the 10 families linked to chromo-
some 15 was above 9.00 in the 3-centimorgan segment
flanked by D15S994 and D15S659, with a maximum
multipoint LOD score of 9.68 at a position 1.2 centimor-
gans telomeric from D15S994 to D15S659. We have
shown that ARHSP with thin corpus callosum, a subtype
of recessive spastic paraplegia, maps to chromosome
15q13–15.
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Familial or hereditary spastic paraplegia (HSP) is a
clinically and genetically heterogeneous group of neu-
rodegenerative disorders of the motor system character-
ized by slowly progressive spasticity and weakness of
the lower extremities. Clinically, in addition to the
“pure” form of HSP, which solely affects the legs,
“complicated” forms of HSP also exist. These latter
forms may show additional symptoms such as mental
retardation and deterioration, ataxia, epilepsy, optic at-
rophy, retinal changes, ichthyosis, and peripheral neu-
ropathy.1,2

To date, three loci for autosomal recessive HSP
(ARHSP), 8p12-q13 (SPG5A: MIM 270800), 16q24.3
(SPG7: MIM 602783), and 15q13–15 (SPG11: MIM
604360), have been reported.3–5 The first described lo-
cus for ARHSP showed a pure HSP phenotype with
no other associated symptoms and was linked to chro-
mosome 8p12-q13 between PLAT and D8S279, a
32.2-centimorgan (cM) region, in 4 Tunisian families.4

The second locus was identified on chromosome
16q24.3 in a large consanguineous Italian family.3 The
gene at this 16q24 locus, paraplegin, was then identi-
fied by Casari and co-workers,6 and several mutations
of this nuclear-encoded mitochondrial metalloprotease
(paraplegin) gene were shown to be responsible for
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pure and complicated forms of HSP. The third locus
for ARHSP was recently identified as mapping to chro-
mosome 15q13–15 in 7 spastic paraplegia families
from North America and Europe whose members
showed both pure and complicated forms of the dis-
ease.5 In 2 of the 7 families, magnetic resonance imag-
ing (MRI) revealed thin corpus callosum (TCC); how-
ever, the other 5 families did not show TCC.

Iwabuchi and colleagues7 have reported on a series
of Japanese patients with a clinical subtype of compli-
cated ARHSP with TCC and mental retardation.7

There have been reports on approximately 30 Japanese
patients with this unique complicated form of AR-
HSP.8–11 Overall, these patients showed slowly pro-
gressive spastic paraparesis with mental retardation and
deterioration, thalamic degeneration, and TCC.7–10

In this study, we have analyzed 13 Japanese families
with ARHSP with TCC accumulated by linkage anal-
ysis from a series of candidate regions. We found evi-
dence that 10 of the 13 families mapped to the chro-
mosome 15q13–15 locus. Our data suggest that this
recessive locus may be the most common HSP subtype
in Japan.

Subjects and Methods
Families
We examined 42 individuals from 13 Japanese families with
ARHSP with mental impairment and TCC: 24 family mem-

bers were affected, and the rest were not affected. Informed
consent was obtained from all studied family members. All
families were newly ascertained to have ARHSP, with the
exception of Families 11, 14, 27, and 310, whose clinical
features have been reported elsewhere.8–11 Each of the family
members studied was clinically examined by two or more
neurologists from a total of 10 different institutions.

The diagnostic criteria for ARHSP with mental impair-
ment and TCC included the following: (1) inheritance con-
sistent with an autosomal recessive trait, (2) slowly progres-
sive spastic paraparesis and mental impairment, (3) thinning
of the corpus callosum as revealed by brain computed to-
mography or MRI, and (4) exclusion of other disorders by
MRI of the spine and brain as well as other laboratory
tests.5,8

Genotyping
Blood samples were obtained after receiving informed con-
sent from the family members. Genomic DNA was extracted
from whole blood using standard protocols. Polymorphic
microsatellite markers were chosen based on information ob-
tained from the Genome Database and previously published
studies.3–5 Polymerase chain reaction amplification was per-
formed using the 59-fluorescently labeled oligonucleotide
primers for DNA polymorphic markers on chromosomes
8p12-q13, 16qter, and 15q13–15. We further investigated
additional markers on chromosome 15q13–21 mapping te-
lomeric to the candidate locus. The DNA markers were
genotyped as previously described.12 Analysis of the polymer-
ase chain reaction products was performed using an auto-

Fig 1. Pedigrees of the 13 investigated autosomal recessive hereditary spastic paraplegia with thin corpus callosum families.
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mated fluorescent capillary DNA sequencer (ABI 310;
Perkin-Elmer Applied Biosystems, Foster City, CA).

Linkage Analysis
Pair-wise and multipoint LOD scores were calculated using
the MLINK program of the FASTLINK 4.1P package and the
GENEHUNTER 2.0B r2 package, respectively.13–15 The dis-
ease was assumed to be an autosomal recessive trait with a
disease gene frequency of 0.001. Penetrance was assumed to be
complete by the age of 20 years. The genetic intermarker dis-
tances used in the analysis were sex-averaged distances based
on published maps (Marshfield Medical Research Foundation:
http://www.marshmed.org/genetics/). Allele frequencies for
markers were determined using a minimum of 37 unrelated
Japanese individuals. Multipoint linkage analysis using GENE-
HUNTER was performed based on the following map for
chromosome 15q13–21: D15S971-(1.1 cM)-D15S118-(3.4
cM)-D15S1012-(3.8 cM)-D15S146-(0.5 cM)-D15S994-(3.2
cM)-D15S659-(2.2 cM)-D15S123-(5.6 cM)-D15S117.

Results
Clinical Study
Affected individuals from all 13 families were classified
as having the complicated form of HSP. Consanguin-
eous marriage was present in 8 of the 13 families (Fig
1). The overall clinical picture of the families studied is
shown in the Table. The mean age at onset was 14
years but ranged from 6 to 30 years. The disease was
slowly progressive. Disease duration ranged from 4 to
greater than 42 years. Disease duration, as expected,
influenced the clinical features. In the clinical courses
of all patients, the primary symptom was spastic para-

paresis, and the secondary symptom was mental dete-
rioration. The frequency of associated signs such as de-
creased vibration sense or urinary disturbance increased
with the duration of the disease.

Linkage Analysis
We first genotyped the families by using linked mark-
ers from chromosome 8p12-q13 and 16q loci. Both
loci showed a negative LOD score in all 13 families,
with the exception that Families 8 and 26 showed a
nonsignificant positive LOD score (data not shown).
We then performed two-point linkage analysis for the
15q SPG11 locus. We detected evidence for linkage
between ARHSP TCC and D15S118 on chromosome
15q, with a maximum LOD score of 5.24 at a recom-
bination fraction of U 5 0.07 under the hypothesis of
genetic homogeneity. We then saturated this region by
genotyping an additional seven markers that map to
the 15q13–21 region and confirmed linkage to this re-
gion. A maximum LOD score of 6.16 was obtained for
marker D15S994 at U 5 0.05.

Multipoint linkage analyses were performed in all 13
families by means of the GENEHUNTER program.
Multipoint LOD score analysis of each individual ped-
igree suggested that the disease gene in 3 of the 13
families studied (Families 27, 150, and 292) did not
map to chromosome 15q13–15 because these 3 fami-
lies showed a LOD score less than 22.0 over all or
most of the 15q13–15 region. No recombination was
detected with D15S118 (LOD score 5 5.81),
D15S1012 (LOD score 5 2.18), D15S146 (LOD
score 5 3.27), D15S994 (LOD score 5 6.52),
D15S659 (LOD score 5 6.65), or D15S123 (LOD
score 5 5.12) in 8 families (Families 11, 12, 14, 17,
26, 136, 300, and 320) (data not shown). It was not
possible to assign the other 2 families (Families 8 and
310) with confidence to chromosome 15q13–15 or to
exclude them for the locus.

The heterogeneity hypothesis was therefore tested by
use of the HOMOG program. The HOMOG pro-
gram identified no evidence in support of genetic het-
erogeneity for the tightly linked markers D15S994
(a 5 1, x2 5 0, p 5 0.5) and D15S118 (a 5 0.87,
x2 5 1.59, p 5 0.1).

In conclusion, multipoint analysis for all 13 families
provided a multipoint LOD score above 3.00 for a
6-cM region flanked by D15S118 and D15S146 under
the hypothesis of genetic homogeneity (Fig 2). Multi-
point analysis restricted to the set of 10 families in
which the disease gene is associated with chromosome
15 showed ARHSP TCC linkage to the region be-
tween D15S994 and D15S659, with multipoint LOD
scores (LOD10) greater than 9.00 (see Fig 2). The
maximum multipoint LOD score was 9.68 at a posi-
tion 1.2 cM telomeric from D15S994 to D15S659.

Table. Autosomal Recessive Hereditary Spastic Paraplegia with
Thin Corpus Callosum: Summary of Clinical Features

Number of families 13
Number of patients 24
Consanguineous marriage 62%
Mean age at onset of gait distur-

bance
14 yr (range, 6–30 yr)

Mean disease duration 20 yr (range, 4–42 yr)
Mental impairment 100%
Thinning of corpus callosum 100%
Spasticity in the upper limbs 62%b

Spasticity in the lower limbs 100%
Hyperreflexia in the upper limbs 77%b

Hyperreflexia in the lower limbs 100%
Extensor plantar reflexes 92%
Weakness in the upper limbs 77%b

Weakness in the lower limbs 85%
Muscle atrophy 77%b

Pes cavus 54%
Superficial sensory disturbancea 33%b

Impaired vibration sensea 62%b

Urinary disturbance 38%b

Dysarthria 77%b

Nystagmus 15%

aImpossible to evaluate in 2 of 24 patients because of their mentally
retarded state.
bThe symptoms appeared as the disease progressed.
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Discussion
We report on the clinical and genetic investigation of
13 Japanese ARHSP families with TCC for a total of
24 affected individuals. The clinical features of ARHSP
TCC were characterized by slowly progressive spastic
paraparesis and mental retardation and deterioration.
Other neurological findings in subsets of patients in-
cluded spasticity and weakness of upper extremities,
sensory disturbance, dysarthria, urinary incontinence,
and limb ataxia. Generally, these additional symptoms
appeared as the disease progressed.

Our results show that this disorder is genetically het-
erogeneous, with at least two loci. Most of the families
studied showed genetic linkage data consistent with the
recently characterized chromosome 15q13–15 locus.5

Our data in 10 families seem to define this 15q locus
to a 20-cM candidate region between markers
D15S971 and D15S117, which is broader than the
previously mapped region between markers D15S971
and D15S118.5 Our mapping of additional ARHSP
TCC families to the 15q13–15 locus adds this condi-
tion to a group of two disorders previously mapped to
the 15q13–15 region: agenesis of the corpus callosum
with peripheral neuropathy (ACCPN), or Andermann
syndrome, (MIM 218000) and amyotrophic lateral

sclerosis 5 (ALS5) (MIM 602099). Clinical similarities
and distinctions between SPG11 and ACCPN have
been discussed elsewhere.5 The agenesis of corpus cal-
losum is similar, but spasticity in SPG11 and periph-
eral neuropathy in ACCPN distinguish these two dis-
eases. ALS5 is distinguished from the phenotype of our
families by the presence of bulbar symptoms, including
fasciculations and atrophy of the tongue in most pa-
tients, and the absence of symptoms and signs of sen-
sory involvement.16 The overlapping genetic localiza-
tions of the responsible genes suggest that these
disorders may be allelic and could be caused by the
same defective gene, albeit with a different defect in
each of the three diseases.

Although it may be premature to focus on candidate
genes given the large region implicated by the linkage
results, one particular candidate gene warrants consid-
eration. MAP1A encodes a microtubule-associated pro-
tein and is located in chromosome 15q13–21.
Microtubule-associated protein is known to bind to
microtubules and plays a critical role in neuronal de-
velopment and axonal stability. MAP1A could be an
important candidate gene for ARHSP TCC.17 We are
currently analyzing the MAP1A gene in the 24 affected
patients.

Fig 2. Results of multipoint LOD score analysis using GENEHUNTER. LOD13 was obtained under the hypothesis of homogeneity,
when all 13 autosomal recessive hereditary spastic paraplegia with thin corpus callosum families were considered. LOD10 was ob-
tained when only the 10 families linked to chromosome 15 were considered. The x axis is the genetic distance (in centimorgans),
and the y axis represents the LOD score. The positions of the genetic markers used in multipoint analysis are drawn to scale on the
x axis. A bold bar indicates the previously mapped locus for SPG11.
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This study shows that disease inheritance was not
associated with the chromosome 15q13–15 locus
(LOD , 22.0) in 3 of 13 families, indicating that
ARHSP TCC is probably a genetically heterogeneous
disease. To date, however, formal tests for genetic het-
erogeneity are not conclusive with the relatively linked
family resources. Study of additional families is re-
quired to evaluate the existence of genetic heterogene-
ity in ARHSP TCC.
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Multifocal or Generalized
Tonic Dystonia of Complex
Regional Pain Syndrome:
A Distinct Clinical Entity
Associated with HLA-DR13
J. J. van Hilten, MD, PhD,* W. J. T. van de Beek, MSc,*
and B. O. Roep, MD, PhD†

We report on 26 patients with a distinct phenotype of
complex regional pain syndrome that progressed toward
a multifocal or generalized tonic dystonia. The dystonia
initiated distally, involved mainly flexor muscles, and was
associated with sensory and autonomic symptoms. Dry-
ness of the eyes or mouth and bladder and bowel distur-
bances were frequently reported. There was no increase
in the familial prevalence of autoimmune-mediated dis-
eases. Compared with controls, a significant elevation of
HLA-DR13 was found in the patients. Thus, HLA-DR13
may be a factor indicating susceptibility to this distinct
phenotype of complex regional pain syndrome.

van Hilten JJ, van de Beek WJT, Roep BO.
Multifocal or generalized tonic dystonia of
complex regional pain syndrome: a distinct
clinical entity associated with HLA-DR13.

Ann Neurol 2000;48:113–116

Complex regional pain syndrome (CRPS) is a syn-
drome characterized by sensory, autonomic, and motor
features that may occur spontaneously, after trauma, or
in the setting of neurological or rheumatic disease.1 Al-
though the underlying pathophysiology still remains
obscure, the clinical hallmarks, including pain, edema,
discolored skin, and loss of function, have led some
authors to hypothesize that CRPS is the result of an
exaggerated inflammatory response to tissue injury.2,3

Associations of CRPS with the human leukocyte anti-
gen (HLA) class II loci DR15 and DQ1 have been
reported.4,5

In this study, we evaluated the clinical aspects of the
disease, the familial prevalence of autoimmune-
mediated diseases, and the association with the DQ

and DR alleles in 26 CRPS patients whose condition
progressed toward a multifocal or generalized dystonia.

Patients and Methods
Twenty-six consecutive caucasian patients (24 women, 2
men) were recruited at the outpatient clinic during the pe-
riod 1998 through 1999. Thirteen patients were referred
from other hospitals. All patients met the criteria of CRPS
(Table 1).6 The diagnosis of CRPS was made on the presen-
tation of symptoms in the extremity that was first affected.
All patients had to show a progressive course, and at least
two extremities had to be affected with tonic dystonia.

All patients were evaluated with regard to their clinical
features, disease course, and (family) history of autoimmune-
mediated diseases. In the affected limbs, particular attention
was given to the perception of light touch with cotton wool,
pinprick sensation using the sharp side of a wooden stick,
and vibratory sense using a tuning fork. To evaluate distur-
bances of temperature perception in the affected limbs, all
patients were questioned about their daily experiences with
respect to temperature sensation when using water (ie, when
taking a bath or shower).

A history of autoimmune-mediated disease was verified by
checking the records of the family physician. The diagnostic
criteria for the identified autoimmune diseases were as fol-
lows: rheumatoid arthritis was based on the American Rheu-
matism Association criteria,7 thyroid disorders were based on
clinical data and measurements of thyroid antibodies, and
psoriasis was based on clinical data.

HLA Typing
HLA-DRB1, HLA-DQA1, and HLA-DQB1 polymorphism
was tested by polymerase chain reaction using sequence-
specific oligonucleotides as probes on locus-specific amplified
DNA according to the recommended protocol of the Elev-
enth International Histocompatibility Workshop.8 A panel
of 2,355 healthy blood donors was used for comparison of
phenotypes with those in the CRPS patient group.9,10 The
HLA phenotype frequencies were compared using Fisher’s x2

test for 2 3 2 contingency tables. Probability values were
corrected for the number of comparisons.

Results
Clinical Characteristics
The mean age at onset of disease was 35 years (range,
16–58 years), and the mean disease duration was 11
years (range, 2–37 years). In 10 patients, the onset of
CRPS was preceded by an injury or operation. Seven-
teen patients had an abrupt onset that was followed by
gradual or intermittent progression. Nine patients had
gradual progression from onset without remission. At
the time of evaluation, CRPS affected three or four ex-
tremities in 7 and 19 patients, respectively.

The dystonia was tonic in all patients. In 12 pa-
tients, dystonia occurred together with sensory and au-
tonomic symptoms at onset, although in 14 patients,
dystonia developed at a later phase of the disease. In all
but 1 patient, dystonia of the hands resulted in flexor
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postures of the fingers (Fig). Involvement of the lower
extremities resulted in flexion and inversion of the foot
and/or various degrees of clawing or scissoring of the
toes. In some patients, the dystonia spread to axial
(n 5 15), cervical (n 5 15), or facial (n 5 8) muscu-
lature. Seventeen patients had myoclonic jerks, and 11
patients had tremor.

Sensory symptoms included pain (n 5 26), pares-
thesias (n 5 25), numbness (n 5 23), and impairment
of water temperature sensation (n 5 20). Sensory signs
included hypesthesia (n 5 25), hypalgesia (n 5 19),
and hyperalgesia (n 5 5). Except for 2 patients, the
sensory signs and symptoms were present in a glove- or
stocking-like distribution pattern. The autonomic
symptoms and trophic changes included altered sudo-
motor activity (n 5 23), swelling (n 5 21), discolored

skin (n 5 21), decreased skin temperature (n 5 14),
and changes in nail (n 5 16) and hair (n 5 12)
growth.

Systemic Features
Dry eyes and mouth were reported by 11 and 20 pa-
tients, respectively. Seventeen patients reported voiding
symptoms, including urgency and frequency. One pa-
tient suffered from two episodes of urinary retention
that spontaneously remitted. Ten patients had prob-
lems with defecation, including diarrhea (n 5 3), con-
stipation (n 5 4), alternating diarrhea and constipation
(n 5 1), and urgency (n 5 2).

Presence of Autoimmune Diseases
Two CRPS patients suffered from psoriasis or Hashi-
moto’s disease. Twenty-four patients were able to pro-
vide information concerning the presence of disease in
their first-degree relatives (n 5 148). Four patients had
a first-degree relative with an autoimmune-mediated
disease (rheumatoid arthritis [n 5 2], psoriasis, thyroid
disease).

HLA Typing
A significant association was found for DR13, which
was present in 46% of the patients with CRPS and in
27% of the controls (p , 0.03). No differences be-
tween patients and controls reached statistical signifi-
cance for any of the other alleles tested (Table 2). Al-
though DQ1 seemed to be increased among the
patients, this increase was not significant (81% of pa-
tients vs 70% of controls).

Discussion
This study focused on a distinct phenotype of severely
affected CRPS patients who progressed to multifocal or
generalized tonic dystonia. Adequate data on the epi-
demiology of CRPS are lacking because all studies on
CRPS suffer from selection bias. Hence, little is known
about the number of CRPS patients who display this
malignant course. The clinical presentation of these pa-
tients has several unique features. Compared with
CRPS in general, there is an even larger female pre-
dominance. Age at onset of the disease varies, but the
mean age lies between 30 and 40 years, and earlier on-
set of the disease is associated with a more aggressive
course. A triggering event occurred in 9 of the 17 pa-
tients with abrupt onset of the disease and in only 1 of
the 9 patients with gradual progression from onset.
Progression of the disease was gradual or through a se-
ries of abrupt episodes. The dystonia is tonic, has a
predominant involvement of the flexors, and initiates
on the distal extremities but may progress to involve
proximal extremity, axial, and facial musculature. Ad-
ditionally, the dystonia is associated with variable com-
binations of sensory and autonomic features. Dryness

Fig. A typical example of tonic dystonia of a hand.

Table 1. Criteria for Complex Regional Pain Syndrome
Type I 6

1. The presence of an initiating noxious event or a cause
of immobilization

2. Continuing pain, allodynia, or hyperalgesia, with which
the pain is disproportionate to any inciting event

3. Evidence at some time of edema, changes in skin blood
flow, or abnormal sudomotor activity in the region of
the pain

4. This diagnosis is excluded by the existence of conditions
that would otherwise account for the degree of pain and
dysfunction

Criteria 2 to 4 must be satisfied.
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of the mouth and eyes was frequently reported. Many
of our patients suffered from urological symptoms,
which is in agreement with the findings of a previous
study.11 Ten patients suffered from unexplained bowel
disturbances.

Because chronic widespread pain, stiffness, paresthe-
sias, and fatigue are also commonly associated with fi-
bromyalgia, chronic fatigue syndrome, and Lyme dis-
ease, one may question how the clinical features of our
patients compare with those of patients with these syn-
dromes. Lyme disease has other well-defined dermato-
logical, neurological, cardiac, and rheumatological signs
and symptoms and can be confirmed by serological
testing.12 Diagnostic criteria sets for fibromyalgia and
chronic fatigue syndrome show overlap but place em-
phasis on the most prominent symptom, that is, spe-
cific tender points and extreme fatigue, respective-
ly.13,14 The motor features as well as the distribution
patterns of the combinations of motor, sensory, and
autonomic features are unique for our sample of pa-
tients and, to the best of our knowledge, have not been
described in fibromyalgia or chronic fatigue syndrome.

The uniqueness of this clinical presentation of CRPS
is underscored by a significant increase in HLA-DR13
among these patients. As the major histocompatibility
complex class II subregion contains genes for class II
molecules in addition to other functional and nonfunc-
tional genes, the clinical significance of the association

between DR13 and CRPS remains to be elucidated.15

Our study could not confirm the previously reported
increase of DQ1 in CRPS.5 A cohort bias or flawed
analysis of data was most likely responsible for this pre-
vious finding, however, because the controls in the
study by Kemler and co-workers5 were largely homozy-
gous for HLA-DQ (95%), and DQ1 was underrepre-
sented (42%) compared with that detected in our con-
trols (70%).

Although it has been suggested that CRPS is the re-
sult of an exaggerated inflammatory response to tissue
injury, studies searching for evidence in favor of im-
mune system involvement have yielded variable results.
Calder and colleagues16 reported an increased number
of Langerhans cells in skin biopsies of 5 patients with
CRPS. Langerhans cells express significant levels of class
II antigens and serve a dedicated role in immune re-
sponse induction.17 Ribbers and co-workers18 found no
abnormalities in lymphocyte populations and activated
T cells on flow cytometry in 13 patients with CRPS.

The female predominance among our CRPS patients
is in accordance with the findings in other studies on
CRPS and is also observed in autoimmune disorders.
Additionally, the trajectories of the disease course of
our patients show some similarities with those estab-
lished for multiple sclerosis, in which the immune sys-
tem plays an important role.19 If one assumes that an
increased prevalence of autoimmune disease among

Table 2. Clinical and Major Histocompatibility Complex Class II Characteristics of 26 Complex Regional Pain Syndrome Patients
with Tonic Dystonia

Patient No. Sex Age at Onset (yr)
Autonomic
Symptoms

Sensory
Symptoms

Motor
Symptoms HLA-DRB1 HLA-DQA1 HLA-DQB1

1 F 18 C P, Nu, It D, W 11 13 0103/0501 0301/0603
2 F 20 T, E, C P, Pa, It D, M, W 15 04 0102/0301 0302/0602
3 F 37 T, C P, Pa, Nu, It D 15 13 0102/01 0602/0604
4 F 50 T, H, N, E, S, C P, Pa, Nu, It D, M, W 03 04 0302/0303 0201/0301
5 F 28 T, E, S, C P, Pa, Nu D, Tr, M, W 13 13 0102/0501 0301/0604
6 F 36 T, E, C P, Pa, Nu, It D, M, W 01 15 0101/0102 0501/0602
7 M 50 E, S P, Pa, Nu D, W 01 07 0101/0201 0202/0501
8 F 41 T, H, N, E, S, C P, Pa, Nu, It D, W 15 13 0102/01 0602/0604
9 F 33 T, E, S, C P, It D, W 04 07 0201/0301 0202/0302

10 F 32 T, S, C P, Pa, Nu, It D, M, W 01 03 0101/0501 0201/0501
11 M 46 H, N, E, S P, Pa, Nu, It D, Tr, M 13 14 0102/0103 0503/0603
12 F 38 T, N, E, S, C P, Nu, It D, W 04 13 0102/0301 0302/0604
13 F 16 T, H, N, S, C P, Pa, Nu, It D, M, W 04 13 0103/0301 0302/0603
14 F 20 T, H, E, S, C P, Pa, Nu D, Tr, W 01 11 0101/0501 0301/0501
15 F 21 N, E, S P, Pa, Nu, It D, Tr, M, W 04 13 0102/03 0301/0604
16 F 38 T, E, C P, Nu D, W 13 08 0103/0401 0402/0603
17 F 20 T, H, E, C P, Pa, Nu, It D, Tr, M, W 04 04 0301/0301 0302/0302
18 F 50 T, H, N, E, S, C P, Pa, Nu D, Tr, M, W 03 03 0501/0501 0201/0201
19 F 44 T, N, E, S P, Pa, Nu D, W 01 04 0101/0301 0302/0501
20 F 46 T, E, S P, It D, W 01 13 ND 05 /06
21 F 46 T, S, C P, Pa D, W 03 04 03 /0501 0201/0302
22 F 25 T, N, E, S, C P, Pa, Nu, It D, Tr, M, W 01 13 0101/0103 0501/0603
23 F 38 T, S P, Pa, It D, W 15 13 0102/0103 0602/0603
24 F 46 T, N, E, S, C P, Pa, Nu, It D, Tr, M, W 01 14 0101/0104 0501/0503
25 F 58 T, S P, Pa, Nu D, M, W 01 03 0101/0501 0201/0501
26 F 19 T, N, E, S, C P, Pa, Nu, It D, Tr, W 15 08 0102/0401 0402/0602

F 5 female; M 5 male; T 5 temperature changes; H 5 hair growth changes; N 5 nail growth changes; E 5 edema; S 5 sudomotor changes;
C 5 color changes; P 5 pain; Pa 5 paresthesias; Nu 5 numbness; It 5 impaired temperature sensation; D 5 dystonia; Tr 5 tremor; M 5
myoclonic jerks; W 5 weakness; ND 5 not done.
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family members of patients supports the contention of
a predisposing genetic factor with an immune compo-
nent, our findings fail to suppport this assumption.
Although we did not use control pedigrees, the low
number of affected family members (2.7%) makes it
unlikely that our approach would have missed a true in-
crease in autoimmune disease among family members.

An unexpectedly high percentage of the patients suf-
fered from dryness of the eyes and mouth. Sicca symp-
toms can result from Sjogren syndrome, deficiency of
the lacrimal glands, or trigeminal sensory abnormali-
ties. The cause of the sicca complaints in our patients
requires further investigation.

In conclusion, we have identified a distinct pheno-
type of CRPS with progressive tonic dystonia that is
associated with HLA-DR13. The discordance of the
latter finding with those of previous studies illustrates
that the clinical phenotype defined in this report re-
flects a specific entity of CRPS.

We thank Prof R. R. P. de Vries and Dr G. Th. M. Schreuder for
their useful opinions and advice.
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Dual Epileptic Foci in a
Single Patient Express
Distinct Temporal Patterns
Dependent on Limbic versus
Nonlimbic Brain Location
Mark Quigg, MD,*† and Martin Straume, PhD†‡

How timing information is transferred from the supra-
chiasmatic nucleus to other regions of the brain to me-
diate activity, either physiological or pathological, is
largely unclear. A patient with medically refractory epi-
lepsy and a well-documented, long-term seizure diary
provided a unique means to demonstrate how suscepti-
bility to chronobiological modulation varies with brain
region. Evaluation for epilepsy surgery disclosed two in-
dependent epileptic foci, one limbic and the other non-
limbic. Seizures from both foci occurred periodically with
a dominant period of 24 hours but were out of phase
with each other. Temporal lobe seizures occurred maxi-
mally in the light portion of the daily light-dark cycle,
and parietal lobe seizures occurred nocturnally and out
of phase with limbic seizures. These data suggest that
neuronal excitation and inhibition, depending on the an-
atomical system involved in epilepsy, may be differently
affected by circadian modulation.

Quigg M, Straume M. Dual epileptic foci in a
single patient express distinct temporal patterns

dependent on limbic versus nonlimbic brain
location. Ann Neurol 2000;48:117–120

Although molecular mechanisms underlying mamma-
lian circadian machinery continue to be elucidated,
how timing information is transduced to the myriad
circadian rhythms remains largely unclear. Even less
clear is how specific diseases are inhibited or facilitated
by the clock or its subordinate rhythms. One example
is the periodic occurrence of epileptic seizures.1–4 The
occurrence of partial seizures can be influenced by
sleep-wake state,5 and their distribution throughout the
day influenced by the location of foci6 or pathophysi-
ology.1 Although these observations were suggested by

studies of groups of patients with epilepsy, a clear il-
lustration of the differing susceptibility of brain regions
to circadian modulation has never been demonstrated
in a single individual.

Patient and Methods
Clinical Data
A 57-year-old right-handed woman presented with a 12-year
history of two types of seizures that we identified as emanat-
ing from separate brain foci. The first consisted of complex
partial seizures with confusion, orofacial automatisms, and
dystonic posturing of the left hand; the second consisted of
abrupt episodes of pain of the left hand and arm. In evalu-
ation for epilepsy surgery, scalp ictal electroencephalography
(EEG) documented right temporal onset of complex partial
seizures. Seizures of ictal pain were poorly seen because of
artifact. Magnetic resonance imaging disclosed dual pathol-
ogy of right hippocampal atrophy and a subtle right parietal
cortical malformation. Because scalp EEG was insufficient
for surgery, intracranial monitoring was performed for 17
days using subdural strip electrodes and bilateral, occipitally
inserted intrahippocampal depth electrodes. Intracranial EEG
disclosed two seizure foci, one right temporal corresponding
to complex partial seizures and one right parietal correspond-
ing to ictal pain (Figs 1 and 2).

Methods
Before epilepsy surgery evaluation, the patient maintained a
long-term seizure diary containing date, hour, and type of
seizure from 1991 to 1997. We confined analyses to com-
plete years (January 1, 1992 to December 31, 1996). We
converted entries to serial hours containing presence or ab-
sence of at least one seizure. Only 5 hours contained more
than one seizure (“seizure clusters”), resulting in the exclu-
sion of seven seizures from further analysis. To test for sta-
tionarity, we fitted plots of cumulative seizure number by
hour using simple regression.2–4 To determine whether sei-
zures occurred in an exponential, Poisson random manner,
plots of interseizure intervals i against the log10 of intervals
greater than i were fitted with simple regression.2–4 Although
intervals may be random, periodicities of occurrence may still
be present. To quantify the degree of irregularity within data
using a model-independent measure, we analyzed data using
approximate entropy (ApEn).7,8 Spectral analysis using fast
Fourier transform-nonlinear least squares (FFT-NLLS) objec-
tively determined rhythmic components that were significant
at a 95% confidence limit.9 To summarize 24-hour histo-
grams of seizure occurrence, we used cosinor-nonlinear least
squares analysis.1 To test whether resulting daily distribu-
tions of seizures were not uniform, we calculated the x2 of
observed values compared with the expected mean of a uni-
form distribution.

Results
Stochastic probability models2–4 determined that sei-
zures occurred without discontinuities and at stable
and linear rates. Log transform plots of interseizure in-
tervals2–4 revealed mixed evidence of Poisson random
occurrence. By ApEn, both temporal and parietal sei-
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zures occurred in highly nonrandom, daily patterns
(Table).

By spectral analysis, both foci had seizures in
rhythms with dominant periods of 24 hours. Rhythms
with ultradian periods (4, 6, 8, and 12 hours) in har-
monic fractions to the primary 24-hour rhythm also
were resolved. An infradian rhythm with period of 436
hours, or 18.17 days, was present with right temporal
seizures.

We further examined the dominant, daily occur-
rence of seizures. Seizures from different epileptic foci
clearly occurred in different daily patterns (see Figs 1
and 2). The calculated peak incidence of temporal sei-
zures occurred at 1210 (1059–1419) (see Fig 1).
Eighty-three percent (573/694) occurred during typical
daylight hours (0700–1900). The phasic distribution
of temporal seizures was highly significant compared
with a uniform, 24-hour distribution (mean 6 SD,

28.9 6 23.6 seizures per bin; x25 443, p , 1026).
Finally, a peak of seizure occurrence was present be-
tween 0700 and 1000.

In contrast, the calculated peak incidence of parietal
seizures, 0250 (0028–0512), was markedly out of
phase with temporal seizures (see Fig 2). Parietal sei-
zures were mainly nocturnal (64%) and were differ-
ently distributed from temporal lobe seizures (x2 5
216, p , 0.0001). Discrete peaks of seizure occurrence
stood out from the cosine model, corresponding to
times of presumptive state transitions of falling asleep
(2200–2300) or awakening (0700–0800). The daily
pattern of events was highly nonuniform (13.2 6 16.7
seizures per bin; x2 5 485, p , 1026).

Discussion
The different chronological distributions of partial sei-
zures in this patient are instructive for two reasons.

Fig 1. Independent seizure foci and daily distributions of seizures in a patient with intractable epilepsy. A reconstructed MRI shows
a right hemispheric sagittal section demonstrating location of right occipitally inserted hippocampal 136 depth electrode (ROD).
● 5 location of ictal activity of seizures consisting of confusion and orofacial automatisms. Ictal activity remained confined to right
hippocampal electrodes. The graph shows the daily diurnal distribution of right temporal lobe seizures. Curve fits are determined
using cosinor-nonlinear least squares analysis.1 Vertical bar 5 1000 mV; horizontal divisions 5 1 second.
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First, the strong 24-hour profiles of both temporal and
parietal seizures support the hypothesis that seizures are
susceptible to chronobiological regulation. Second, re-
gions of the brain may be differentially susceptible to
circadian modulation.

The unique coincidence of well-documented seizure
foci and an accurate, long-term seizure diary illustrates
in a single subject confirm the daily distributions of
seizures that we previously described among groups of
patients with limbic epilepsy or nonlimbic epilepsy.1

Table. Approximate Entropy (ApEn) Analysis of a Long-Term Seizure Diary

Temporal Parietal

ApEn of original data 1.191 1.138
Mean random ApEn 1.231 6 0.004 1.222 6 0.009
Raw/random 0.967 6 0.003 0.932 6 0.007
No. z scores from maximally random 9.40 9.47
p value ,10212 ,10212

ApEn measures the logarithmic likelihood that runs of patterns that are “close” (within range r) for a window of m contiguous values remain
within r on the next incremental comparison of m 11 contiguous values.7,8 We calculated ApEn using m 5 1 and r 5 3.5 hours on data
corresponding to the difference in clock time (612 hours) of seizure occurrence vs cumulative seizure number. Mean random ApEn 5 mean
ApEn from 1,000 randomly shuffled surrogates of the data. Deviation from this estimate of maximally random ApEn was quantified in terms
of the number of standard deviations away from this empirically calculated maximally random mean.

Fig 2. Intracranial EEG, subdural electrode placement, and daily nocturnal distribution of right parietal lobe seizures. n 5 loca-
tion of ictal activity of seizures with symptoms of abrupt left hand pain. Ictal activity spared hippocampal electrodes. Whereas tem-
poral lobe seizures usually occurred diurnally, parietal lobe seizure occurred nocturnally and out of phase with temporal seizures.
Both foci were associated with seizures that clustered near times of transitions from sleep to wakefulness. Parietal lobe seizures also
clustered at times habitually marked by transitions from wakefulness to sleep. RPM, RPI, and RPL 5 right parietal medial, inter-
mediate, and lateral subdural 1 3 6 strips.
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The present case is also consistent with studies of the
distribution of partial seizures that demonstrated vary-
ing distributions of seizures between states depending
on location of seizure foci.5,6 Analogous to these find-
ings are in vivo recordings of circadian electrical activ-
ity that show that multiple unit activity within supra-
chiasmatic nuclei and other regions occur out of
phase.10 Seizures involving the limbic system may be
especially sensitive to circadian modulation as mediated
by the hypothalamus, since the limbic system and hy-
pothalamus share anatomical and functional intercon-
nections.11,12 Extratemporal, cortically based seizures
that spare the limbic system may be more susceptible
to mediators of cortical excitation, such as the rhythm
of the sleep-wake cycle.13 Furthermore, the sleep-wake
cycle may contribute to both limbic and nonlimbic sei-
zure patterns, with limbic seizures facilitated by wake-
fulness (or resistant to effects of sleep) and extralimbic
seizures promoted by sleep (or inhibited by the waking
state). Transition states are particularly seizure provok-
ing for a variety of epileptic syndromes13 and may be a
strong factor independent of syndrome.

A circadian rhythm, in the strict sense, is any self-
sustained activity that oscillates with a period of about
24 hours.14 Examples of circadian rhythms include ac-
tivity of the suprachiasmatic nuclei, cortisol and mela-
tonin secretion, and the daily oscillation of body tem-
perature. Seizure diary data, however, are not sufficient
to determine the source of the circadian modulation of
seizure occurrence. It is reasonable to postulate that the
strong, daily distribution of partial seizures in this pa-
tient is circadian and susceptible to circadian modula-
tion, but we cannot exclude the possibility that exoge-
nous factors confound the different 24-hour patterns of
seizures. Although underreporting of seizures during
sleep is a valid concern, the patient accurately con-
firmed the times of seizure occurrence during inpatient
monitoring and was aided in documentation by her
husband. Previous studies of seizure diaries did not dis-
criminate patients by location of foci, were limited in
resolution (1 day) and in duration (usually ,1
year),2–4 and thereby could not resolve the daily, peri-
odic patterns determined in this study with hourly res-
olution and 5-year duration. Finally, ApEn comple-
ments spectral analysis and can be more sensitive in
pattern detection than stochastic models in quantifying
randomness.

In addition to 24-hour rhythms, temporal and pari-
etal seizures had significant ultradian components,
which were likely harmonic artifacts of spectral analy-
sis. An infradian period of about 18 days did not cor-
respond to obvious cycles such as the 7-day week or
lunar, menstrual, or other clear hormonal cyclic influ-

ences. In one study, seizure cycles of approximately 20
days were reported in patients with complex partial sei-
zures.4 In summary, the remarkable coincidence of a
reliable seizure diary, intractable epilepsy, and well-
documented, independent seizure foci from a single in-
dividual illustrate that circadian seizure expression may
vary with limbic or nonlimbic locations of the epilep-
togenic zones. Mechanisms that allow biological clocks
to transduce their timing signals may vary with the re-
gion of brain involved, and this transduction has rele-
vance in the dysfunction of neuronal excitability that
characterizes epilepsy.

Dr Quigg receives support from grants from NIH NS K0802021.
Data analysis was supported by the NSF Center for Biological
Timing.
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Pipecolic Acid Elevation in
Plasma and Cerebrospinal
Fluid of Two Patients with
Pyridoxine-Dependent
Epilepsy
Barbara Plecko, MD,*† Sylvia Stöckler-Ipsiroglu, MD,†
and Eduard Paschke, PhD,* Wolfgang Erwa, MD,*
Eduard A. Struys, MSc,‡ and Cornelis Jakobs, PhD‡

Diagnosis of pyridoxine-dependent epilepsy is based on
the clinical response to high-dosage application of pyri-
doxine. Here, we report on 2 patients with pyridoxine-
dependent epilepsy with significant elevation of pipecolic
acid concentrations in plasma and cerebrospinal fluid
(CSF) and further increase of pipecolic acid in CSF dur-
ing a 72-hour pyridoxine withdrawal in 1 of them. Pa-
tients with non–pyridoxine-dependent epilepsy had nor-
mal pipecolic acid concentrations in plasma and
significantly lower concentrations in CSF. High plasma
and CSF pipecolic acid concentrations might provide a
diagnostic marker in pyridoxine-dependent epilepsy.

Plecko B, Stöckler-Ipsiroglu S, Paschke E,
Erwa W, Struys EA, Jakobs C. Pipecolic acid

elevation in plasma and cerebrospinal fluid of two
patients with pyridoxine-dependent epilepsy.

Ann Neurol 2000;48:121–125

Pyridoxine-dependent epilepsy is a rare (1 in 100,000)
autosomal recessive disorder (McKusick 266100)1 with
unclear biochemical background. Inborn errors in pyr-
idoxine metabolism have widely been excluded.2,3 A
postulated defect at the binding site of glutamate-
decarboxylase (GAD) to pyridoxalphosphate (PLP)2

was supported by single reports on high glutamate but
low GABA levels in the cortex4 and cerebrospinal fluid
(CSF)5,6 of affected patients, but so far no mutations
in the coding genes of the two isoenzymes GAD 65
and GAD 67 have been identified.7,8 Pipecolic acid to-
gether with piperideine compounds is an intermediary

product in central nervous system (CNS)-specific lysine
degradation.9–11 A pyridoxine-dependent enzymatic
step is involved in pipecolic acid degradation at the
level of a-aminoadipic acid conversion (Fig 1). Pipe-
colic acid accumulates with various compounds in
disorders of peroxisomal biogenesis (eg, Zellweger syn-
drome). Disorders with isolated pipecolic acid accumu-
lation have not been specified so far.12 We report on 2
patients with pyridoxine-dependent epilepsy and isolated
elevation of pipecolic acid in plasma and CSF.

Patients and Methods
Case Reports
Patient 1 was born after a first uncomplicated 37-week preg-
nancy. Apgar scores were 9/10/10, umbilical artery pH 7.38.
Generalized tonic-clonic seizures started on the second day of
life. The child was severely hypotonic with poor sucking and
poor visual contact. Cranial ultrasound revealed unilateral
grade II intraventricular hemorrhage and moderately dilated
ventricles. Electroencephalography (EEG) showed focal
spike-wave discharges over the right frontotemporal region
with normal background activity. Urinary and plasma pipe-
colic acid concentrations were repeatedly elevated on both
qualitative amino acid screening in urine (by thin-layer chro-
matography) and on quantitative determination in plasma
(Table). Disorders of peroxisomal biogenesis were excluded
by normal levels of very-long-chain fatty acids (VLCFAs),
phytanic acid and bile acids in serum, and normal catalase
latency and de novo biosynthesis of plasmalogens in fibro-
blasts. A possible isolated defect of pipecolic acid oxidase was
excluded by normal enzyme activity in liver tissue. He con-
tinued to have short, secondary generalized seizures 3 to 10
times a day. At the age of 3.5 months, seizures stopped com-
pletely after the first single intravenous administration of 300
mg of pyridoxine, recurred after 3 weeks, and again re-
sponded promptly to 300 mg of intravenous pyridoxine. Un-
der continuous oral supplementation of pyridoxine (200 mg/
day), the boy remained seizure-free for the next 6 years.
When he started attending a school for handicapped chil-
dren, intake of pyridoxine became irregular, and after a week
of complete withdrawal he was referred with generalized sta-
tus epilepticus, which had even necessitated anesthesia with
thiopentone. Seizures were promptly interrupted by a single
intravenous dose of 300 mg of pyridoxine. Under regular
substitution of pyridoxine, the patient again remained
seizure-free and had complete neurological recovery from sta-
tus epilepticus.

Patient 2 was the product of a first pregnancy complicated
by gestational toxicosis. He was delivered by cesarean section
at term. Apgar scores were 8/9/10; birth weight was 3,260 g.
Focal seizures (myoclonic jerks of both arms) started within
hours, and his EEG showed paroxysms of polyspike-wave ac-
tivity and intermittent burst suppression patterns. Cranial
imaging was normal. Routine laboratory examinations, CSF
analysis, organic acids in urine, amino acids in serum, and
VLCFAs were normal, but pipecolic acid in plasma was
markedly elevated (see Table). Seizures ceased immediately
after a single intravenous administration of 100 mg pyridox-
ine on the third day of life. Apathy with recurrent apnea
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necessitated assisted ventilation for the following 3 days. At
the age of 3 weeks, focal seizures recurred and promptly re-
sponded to oral treatment with pyridoxine, 10 mg/kg/day.
When last seen at the age of 5 months, Patient 2 was still
seizure-free on pyridoxine therapy but was mildly hypotonic
with moderate developmental delay.

Methods
In Patient 1, a controlled 72-hour pyridoxine withdrawal was
performed at the age of 7.5 years. Venous blood samples for
determination of pipecolic acid and pyridoxalphosphate were
taken 24, 48, and 72 hours after withdrawal. Lumbar punc-
ture for determination of pipecolic acid, amino acids, GABA,
and vitamin B6 vitamers in CSF was performed 24 hours and
72 hours after withdrawal. Piperidine and a-aminoadipic
acid levels in CSF were determined before and 72 hours after
withdrawal. Plasma and CSF samples taken before and dur-
ing pyridoxine supplementation and during the uncontrolled

pyridoxine withdrawal and stored at 280°C were available
for retrospective investigations. In Patient 2, plasma samples
were taken before and during pyridoxine supplementation. A
CSF sample was taken at the age of 5 months while the
patient was receiving pyridoxine. Because of the patient’s
young age, pyridoxine withdrawal has not been performed
yet. Pipecolic acid was also determined in plasma of 26 pa-
tients with various forms of non–pyridoxine-dependent epi-
lepsy. CSF samples were additionally available from 9 of
them. Pipecolic acid in plasma and CSF was determined as
described.13,14

D- and L-separation of pipecolic acid was
achieved according to Struys and Jakobs.15 For determina-
tion of piperidines, CSF was derivatized with ethylchlorofor-
mate, extracted with ethylacetate, and analyzed by a gas
chromatography method using d11-piperidine as an internal
standard. a-Aminoadipic acid in CSF was detected as
FMOC derivative by RP-HPLC. Pyridoxalphosphate in
plasma was determined by a commercially available HPLC

Fig 1. Conversion of lysine to acetoacetyl-CoA
is predominant via saccharopine in liver and
via pipecolic acid in the brain. Beyond the
conversion of the two pathways degradation of
a-aminoadipic acid is catalyzed by a
pyridoxine-dependent transaminase.
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method (Chromsystems, Munich, Germany). Vitamin B6 vi-
tamers in CSF were determined as described elsewhere.16

Results
Pipecolic Acid
Elevated concentrations of pipecolic acid in plasma and
CSF of our 2 patients with pyridoxine-dependent epi-
lepsy in comparison with normal values and to concen-
trations in patients with various forms of non–
pyridoxine-dependent epilepsy are shown in the Table.
The pipecolic acid was exclusively in the L-form.

a-Aminoadipic Acid and Piperidine in CSF
Pipecolic acid elevation in patients with pyridoxine-
dependent epilepsy might be caused by deficiency of
pyridoxal-dependent a-aminoadipic acid transaminase,
which might be indicated by high concentrations of
a-aminoadipic acid and of D1piperideine-6 carboxylic
acid. In both patients, a-aminoadipic acid concentra-
tions (0.22 and 0.20 mmol/L) were comparable to val-
ues obtained from one age-matched control (0.31
mmol/L) and below the value obtained from a CSF
pool (1.18 mmol/L) while on pyridoxine, and 72 hours
after pyridoxine withdrawal (0.24 mmol/L) in Patient
1. In the same samples, piperidine concentrations (0.03

and 0.05 mmol/L) were within the normal range
(0.03–0.18 mmol/L, n 5 5) while on pyridoxine and
72 hours after withdrawal (0.05 mmol/L) in Patient 1.

Pyridoxalphosphate
Concentrations of pyridoxalphosphate in the plasma of
Patient 1 were above or within normal range (Fig 2)
during periods on and off pyridoxine supplementation.
Pyridoxalphosphate in CSF was high (90 nmol/L; nor-
mal,5 26 6 14) while on pyridoxine and within the
normal range after the 72-hour withdrawal (31 nmol/L).
Values for pyridoxal and pyridoxic acid in CSF were
inconclusive because of missing data on normal values.
Inverse correlation of pyridoxalphosphate versus pipe-
colic acid in plasma of Patient 1 is shown in Figure 2.

Discussion
Pipecolic acid elevation seems to be a specific finding
in pyridoxine-dependent epilepsy as plasma concentra-
tions of pipecolic acid were continuously elevated in
both patients with pyridoxine-dependent epilepsy, while
they were normal in patients with non–pyridoxine-
dependent seizures. The specificity of these findings is
further supported by the fact that the degree of pipe-
colic acid elevation is inversely correlated with pyridox-

Table. Pipecolic Acid Concentrations in Plasma and Cerebrospinal Fluid of Patients 1 and 2 with Pyridoxine-Dependent Epilepsy
and of Age-Matched Patients with Non–Pyridoxine-Dependent Epilepsy

Normal Range Patient 1 Patient 2 Non–vitamin B6-Dependent Patients

Plasma
1st wk 1–3.2 mmol/L13 49 mmol/La 3.2 mmol/L (n 5 1b)
1–6 mo 0.6–4.1 mmol/L13 17.6 mmol/La 14.3 mmol/L 2.1 mmol/L (n 5 1b)
6–12 mo 0.8–5.3 mmol/L13 9.87 mmol/L 10.1 mmol/L 2.52 mmol/L (n 5 1b)
1–5 yr 0.4–4.9 mmol/L13 5.7 mmol/L Mean 6 SD, 1.18 mmol/L 6 0.27

(n 5 7/1b)
Range, 0.65–1.5 mmol/L

5–8 yr 0.7–2.6 mmol/L13 6 mmol/L Mean 6 SD, 1.19 mmol/L 6 0.72,
16.4 mmol/La (n 5 6/1b)
5.8 mmol/L Range, 0.73–2.6 mmol/L
5.3 mmol/L
4.07 mmol/L

.8 yr 0.7–2.6 mmol/L13 4.0 mmol/L Mean 6 SD, 1.44 mmol/L 6 0.47,
(n 5 10/2b)

Range, 1.0–2.6 mmol/L
CSF

0–1 yr 3.38 mmol/L 0.195 mmol/L (n 5 1b,c) 0.140 mmol/L
(n 5 1)

1–5 yr 0.009–0.12 mmol/L14 1.93 mmol/L 0.033–0.046 mmol/L (n 5 3)
5–8 yr 0.57 mmol/L 0.039–0.066 mmol/L (n 5 3/1b)

0.67 mmol/La (24 hr)d

0.88 mmol/La (72 hr)d

.8 yr 0.051 mmol/L (n 5 1)

Note age-dependency of normal values for pipecolic acid concentrations in plasma.
aValues off pyridoxine therapy.
bValues of patients with seizure activity within the past 24 hours.
cBlood contaminated.
dHours of pyridoxine withdrawal in Patient 1.
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alphosphate levels. In particular, in Patient 1 this in-
verse correlation was evident during the uncontrolled
and the subsequent controlled withdrawal of pyridox-
ine. High pipecolic acid concentrations were obviously
not related to defective transport of vitamin B6 vitam-
ers across the blood-brain barrier7 as concentrations of
pyridoxalphosphate in CSF were within or above nor-
mal range during the 72-hour withdrawal.

The inverse correlation of pipecolic acid and pyri-
doxalphosphate suggests a Km variant of an enzyme
defect at a pyridoxine-dependent step in pipecolic acid
degradation. One candidate enzyme is pyridoxine-
dependent a-aminoadipic transaminase, which in case
of impaired activity, would result in the accumulation
of its specific substrates (a-aminoadipic acid) and of
their precursors (eg, D1piperideine-6 carboxylic acid).
We found normal concentrations of a-aminoadipic
acid and of piperidines in the CSF of both patients and
could therefore not confirm this putative enzyme de-
fect by means of specific metabolite patterns. However,
the significance of normal piperideine concentrations is
restricted by the fact that our method is not suitable to
detect D1piperideine-6 carboxylic acid in particular.

Increased pipecolic acid concentration could play a
crucial role in the pathomechanisms of pyridoxine-
dependent epilepsy. The physiological importance of
pipecolic acid metabolism in brain is suggested by the
CNS-specific preservation of the pipecolic acid path-
way in a variety of animal species. In rat brain, pipe-
colic acid was found to inhibit GABA uptake under in
vitro conditions.17,18 Thus, disturbed GABA metabo-
lism, as reported in patients with vitamin B6–depen-
dent epilepsy, may be caused not only by impaired
synthesis of this neurotransmitter6,19 but also by im-
paired uptake from the synaptic cleft due to inhibition
by high pipecolic acid concentrations in CNS.

Our data suggest that increased plasma and CSF

pipecolic acid concentrations may represent a diagnos-
tic marker for the disease and could prevent patients
from dangerous pyridoxine withdrawals,20 which until
now have been claimed to prove the diagnosis. Studies
on pyridoxine-deficient rats are currently run to further
elucidate the biochemical relation between pyridoxine
and pipecolic acid metabolism.

Note Added in Proof
We have found elevated plasma pipecolic acid concen-
tration (7 mmol/L; normal range, 0.7–2.6) in a third,
seven-year-old patient with pyridoxine-dependent epi-
lepsy substituted with pyridoxine, 800 mg/day.
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