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Chapter One

General Introduction
F. Brugman, J.H.J. Wokke
Adapted from: Orphanet Encyclopedia 2004 (www.orpha.net)

Chapter 1

Abstract
PLS is an idiopathic, adult-onset, non-familial, neurodegenerative disorder of upper motor
neurons, presenting as a slowly progressive pyramidal tract and/or pseudobulbar syndrome.
Disease onset is usually between 40 and 60 years with spasticity in the legs. Onset in the
arms or in the bulbar region with pseudobulbar speech and swallowing disturbance is also
possible. Ultimately, a tetrapyramidal and pseudobulbar syndrome may develop. Life expectancy is probably normal. PLS is considered by many to be a variant of amyotrophic
lateral sclerosis (ALS). The etiology has not yet been elucidated. Roughly estimated, the
annual incidence and the prevalence of PLS are 1 in 1,000,000 and 10-20 in 1,000,000,
respectively. Treatment of PLS is symptomatic and may involve prescription of antispasticity
medication and rehabilitation care.
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Introduction
This thesis focuses on diagnostic boundaries and outcome in patients with sporadic adultonset idiopathic disorders of the upper motor neurons (UMNs). Such patients were first
described in the 19th century and the term ‘primary lateral sclerosis’ (PLS) was applied
to the condition. Ever since the first descriptions, however, it has been a matter of debate
whether PLS represents a separate disease entity, a variant of amyotrophic lateral sclerosis
(ALS), or (apparently) sporadic presentation of hereditary spastic paraparesis (HSP).
In ALS, there is also degeneration of lower motor neurons causing progressive muscle
weakness, which sooner or later affects the respiratory muscles leading to death due to respiratory insufficiency. HSP is a clinically and genetically heterogeneous group of inherited
disorders characterized by a slowly progressive spastic paraparesis, which may, however,
present (apparently) sporadically.
This first chapter was written in 2002, and updated in 2004, before the start of the studies
described in this thesis. It provides an overview of the knowledge and unresolved questions
at that time regarding PLS.

PLS diagnostic criteria / definition
PLS is an idiopathic non-familial neurodegenerative disorder of UMNs which presents
clinically as a slowly progressive pyramidal tract syndrome, sometimes with marked
pseudobulbar symptoms.1-9
The diagnosis is based on exclusion of other causes and requires the results of blood, urine
and CSF tests and EMG findings to be normal and no abnormalities to be found on brain
and spinal cord MRI. In 1992, Pringle and colleagues proposed the currently used and
accepted diagnostic criteria for PLS, which require adult onset of symptoms and a negative
family history, in addition to normal laboratory and imaging test results.5 The criteria
include a disease duration of at least three years in order to exclude ALS, as the initial presentation of ALS can be a pure UMN syndrome.

Differential diagnosis
Other causes of a slowly progressive pyramidal and/or pseudobulbar syndrome include
structural disorders (cervical spondylotic myelopathy, Arnold-Chiari malformation, spinal
arteriovenous fistula, tumor, hydrocephalus), uncomplicated forms of hereditary spastic
paraparesis (pure HSP), leukodystrophies (adrenoleukodystrophy, adrenomyeloneuropathy, metachromatic leukodystrophy, globoid cell leukodystrophy / Krabbe’s disease), other
metabolic and toxic disorders (cerebro-tendinous xanthomatosis, subacute combined degeneration of the cord, copper deficiency, vitamin E deficiency, hexosaminidase deficiency,
9
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lathyrism, konzo) and infections (neurosyphilis, tropical spastic paraparesis (HTLV1),
neuroborreliosis, spinal sarcoidosis, AIDS).6 Primary progressive multiple sclerosis (PPMS)
can present as a pure upper motor neuron syndrome.10 ALS may present initially as a pure
UMN syndrome, before the appearance of clinical or neurophysiological signs of lower
motor neuron loss. A disease duration of at least three years is required before the diagnosis
of PLS can be made, according to criteria proposed by Pringle et al. Transition to ALS has,
however, been described in patients with longstanding PLS, even after a disease duration
of as much as 18 years.11

Frequency
PLS is very rare. Norris et al. reported 26 PLS patients among their population of 708
motor neuron disease (MND) patients, who were seen between 1970 and 1986 (93.8%
ALS, 3.7% PLS, 2.4% progressive muscular atrophy).12 In their database of 1200 patients
with motor neuron disease, Haverkamp and co-workers reported 35 patients (2.9%) with
only UMN signs.13 ALS has an annual incidence of 1-2 per 100,000, thus the incidence of
PLS can be estimated at just under 1 per 1,000,000 per year. The prevalence is probably
around 10-20 per 1,000,000, as PLS follows a chronic disease course.

Clinical description3-9
PLS is characterized by a slowly progressive bilateral pure UMN syndrome. Disease onset is
usually between 40 and 60 years with spasticity in the legs. Onset in the arms or the bulbar
region with speech and swallowing disturbance is also possible. Ultimately, a tetrapyramidal syndrome develops, sometimes with marked pseudobulbar features (including forced
laughing and crying). Disease progression is usually very slow. Life expectancy is probably
normal; however, considerable functional impairment may develop. Bladder involvement,
mostly in the form of urgency and frequency symptoms, occurs in approximately half of
the patients, usually late in the disease course. Subclinical neuropsychological disturbances
have been described in PLS patients in some studies, but overt dementia is exceptional.14

Management including treatment
There is no cure for PLS. Treatment is symptomatic and may involve prescribing antispasticity medication and rehabilitation care.
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Etiology
The etiology of PLS is not known. Since the original description by Erb in 1875, it has long
been debated whether PLS exists as a disease entity.1-4,7,9 PLS is considered by many to be a
variant of ALS, at one end of the clinical spectrum where there are only UMN symptoms.8,9
The exact pathogenesis of ALS is not known. Hypotheses include glutamate-excitotoxicity,
oxidative stress and mitochondrial dysfunction.15,16 Similar mechanisms may play a role in
the pathogenesis of PLS.
To our knowledge, a PLS-like phenotype has not been described in the reported families
with familial ALS (FALS) with superoxide dismutase (SOD1) mutations. A PLS-like
phenotype has, however, been described in a subset of patients in families with autosomal
recessive juvenile ALS (JALS).17 In the initial Tunisian family and three additional consanguineous families from the Arabian peninsula, homozygous mutations were found in
a newly identified gene (ALS2) on chromosome 2q33, encoding a protein called “alsin”.
Interestingly, it has recently been shown that the alsin gene is also mutated in a subset of
patients with infantile-onset ascending hereditary spastic paraparesis.18
It cannot be ruled out that some PLS patients could actually be sporadic cases of uncomplicated HSP,19 some forms of which can now be excluded with genetic testing.
Patients with PLS in combination with small-cell carcinoma of the lung, HIV infection,
multiple myeloma, IgM paraproteinaemia and breast cancer have been reported.4,20,21 It is
not clear whether this is based on causal relations or on chance associations.

Diagnosis
There is no positive diagnostic marker for PLS and so additional tests have to be performed
to exclude other causes (see “differential diagnosis”). This may involve examination of
blood, urine and CSF, electromyography, as well as MRI of the brain and spinal cord.
Atrophy of the motor cortex, visible on brain MRI, was described as being indicative of the
diagnosis PLS, but was not a consistent finding in other studies. Motor evoked responses
are usually delayed or absent.8
Autopsy can prove the diagnosis PLS by confirming the absence of another disease process
and by showing selective involvement of the UMNs, with degeneration of the Betz cells,
and corticospinal and/or corticobulbar tract demyelination with sparing of the anterior
horn cells.4,5
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Unresolved questions
Important unresolved questions include:
•
Does PLS represent a single disease entity or a group of entities?
•
Are there any prognostic factors and/or (genetic or other) susceptibility factors?
•
What proportion of patients represents sporadic presentations of HSP instead of
PLS?
•
What proportion of patients develops signs of anterior horn cell disease or progression to ALS? How does this disease evolution affect the prognosis?
•
Does riluzole, a drug with a small life-prolonging effect on the survival of ALS
patients, 22 also have an effect on disease progression in PLS?

Aims of this thesis
•

This Chapter, the General Introduction, was written in 2002 (and updated in 2004),
before embarking on the studies described in this thesis. It provides an overview of
the knowledge about PLS and the unresolved questions at that time. New developments that have occurred since and possible future implications are discussed in the
General Discussion (Chapter 10).

During this period of study of PLS and other sporadic UMN syndromes, genetic tests
for some forms of HSP have become available in The Netherlands. We tested the patients
included in our studies for mutations of a number of HSP genes. The results are described
in Chapters 2, 3 and 4.
•
•

•

Chapter 2. To investigate whether spastin gene (SPG4) mutations, the most common
cause of autosomal dominant (AD) HSP, are present in PLS and sporadic HSP.
Chapter 3. To investigate the frequency of paraplegin gene (SPG7) mutations, a
cause of autosomal recessive (AR) HSP, in patients with sporadic adult-onset UMN
syndromes.
Chapter 4. To investigate whether the 2 known seipin/BSCL2 gene (SPG17)
mutations, associated with a range of AD (mixed) upper and lower motor neuron
disorders including HSP, are present in patients with sporadic HSP and PLS.

In 2001, homozygous mutations of the alsin gene (ALS2) were identified as a cause of AR
early-onset forms of UMN diseases described as infantile ascending HSP, juvenile PLS
and juvenile ALS. We sought collaboration with researchers in Clermont-Ferrand, France,
to screen a large subset of our patients with adult-onset UMN syndromes for alsin gene
mutations. These results are described in Chapter 5.

12
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•

Chapter 5. To investigate whether alsin gene (ALS2) mutations are present in adultonset PLS.

Previous studies used several clinical characteristics to separate sporadic presentations of
HSP from PLS, such as age at onset < 40 years, evidence of mild dorsal column impairment
and symptoms of urinary urgency. We studied whether clinical differentiation of (sporadic)
HSP from PLS based on clinical characteristics is reliable, using the clinical data that
we collected at inclusion in our large group of patients with adult-onset sporadic UMN
syndromes, including those who were found to have a pathogenic HSP gene mutation
(SPG4 or SPG7). The results of this study are described in Chapter 6.
•

Chapter 6. To investigate whether clinical characteristics can differentiate sporadic
presentations of HSP from PLS.

Based on the observations described in Chapter 6 and on previous studies by other authors,
we designed new PLS diagnostic criteria that incorporate different levels of certainty of the
clinical diagnosis of PLS instead of (sporadic presentation of) HSP. To validate our criteria,
we included our cohort of patients with a sporadic adult-onset UMN syndrome in a 3-year
prospective study. The results of this study are presented in Chapter 7.
•

Chapter 7. To validate our proposed new PLS criteria, that incorporate different
levels of certainty of the clinical diagnosis of PLS instead of HSP, in a 3-year prospective study.

While collecting suitable patients for our studies, we encountered 2 interesting patients
who had a PLS phenotype, but a positive family history of ALS.
These 2 families are reported in Chapter 8.
•

Chapter 8. To report 2 patients with PLS who have a family history of ALS, providing
further evidence that PLS can be part of the clinical spectrum of (F)ALS.

During the period of the studies described in this thesis, a deceased patient was available for
post-mortem examination. The autopsy results are presented and discussed in Chapter 9.
•

Chapter 9. To report the autopsy findings in a patient with clinical PLS.
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Chapter 2

Abstract
Mutation of the spastin gene is the single most common cause of pure hereditary spastic
paraparesis (HSP). In patients with an unexplained sporadic upper motor neuron (UMN)
syndrome, clinical distinction between primary lateral sclerosis (PLS) and sporadic HSP
may be problematic. To investigate whether spastin mutations are present in patients with
PLS and sporadic HSP, we screened the spastin gene in 99 Dutch patients with an unexplained, apparently sporadic, adult-onset UMN syndrome. We found 6 mutations, of
which 4 were novel, in the subgroup of 47 patients with UMN symptoms restricted to the
legs (13%). Another novel spastin mutation was found in a patient with a rapidly progressive
spinal and bulbar UMN syndrome that progressed to amyotrophic lateral sclerosis. In the
patients with arm or bulbar UMN symptoms and slow progression, no spastin mutations
were found. Our study shows that spastin mutations are a frequent cause of apparently
sporadic spastic paraparesis, but not of primary lateral sclerosis.
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Introduction
In patients with an unexplained sporadic pure upper motor neuron (UMN) syndrome,
clinical distinction between primary lateral sclerosis (PLS) and sporadic hereditary spastic
paraparesis (HSP) may be problematic.1 PLS is a rare syndrome of progressive spinobulbar spasticity with mostly spinal and occasional bulbar onset and is often considered to
be part of the clinical spectrum of amyotrophic lateral sclerosis (ALS). 2-7 HSP is a clinically and genetically heterogeneous group of disorders characterized by a slowly progressive
spastic paraparesis.8,9 Generally, symptomatic involvement of the arms or the bulbar region
would suggest a diagnosis of PLS.1,2 Patients with PLS may, however, present with spastic
paraparesis for many years before involvement of the arms or of the bulbar region becomes
evident.7 In addition, atypical HSP phenotypes with dysarthria or spasticity in the arms
have been described.10,11
Screening for mutations in known HSP genes may help to differentiate sporadic HSP
from PLS. Currently, 10 genes and 16 additional loci have been identified for 10 autosomal
dominant, 13 autosomal recessive and 3 X-linked forms of HSP.12-19 The single most
common cause of pure autosomal dominant AD-HSP is mutation of the spastin gene
(SPG4), representing about 40% of the patients.20 The SPG4 phenotype has been described
as typical uncomplicated spastic paraparesis, with onset of symptoms at any age, but some
patients have cognitive impairment, spasticity in the arms, dysarthia, cerebellar atrophy or
a thin corpus callosum.10,11,21
To investigate whether spastin mutations are present in patients with PLS and sporadic
HSP, we screened the spastin gene in 99 Dutch patients with an apparently sporadic adultonset, unexplained UMN syndrome.

Materials and methods
This investigation was carried out in a cohort of patients recruited for a natural history
study of unexplained, sporadic, adult-onset UMN syndromes. Patients were selected by
contacting all neurologists in the Netherlands and asking them to refer suitable patients.
Before inclusion in the study, all patients were seen by an investigator (F.B.) for recording of
detailed history and neurological examination. Inclusion criteria were a progressive UMN
syndrome, adult onset, duration longer than 6 months and negative family history for HSP.
The bulbar region was considered affected if there was pseudobulbar dysarthria, and arms
and legs were considered affected if there were UMN signs associated with symptoms.
Exclusion criteria were clinical evidence of lower motor neuron (LMN) loss (amyotrophy)
and evidence of other causes using the following laboratory investigations: serum biochemistry (including thyroid-stimulating hormone, vitamin B12, folate, and vitamin E),
very long chain fatty acid analysis in plasma, serology (syphilis, borreliosis, T-cell lymphotrophic virus type 1, and human immunodeficiency virus), bile alcohol analysis in urine,
19
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and cerebral and spinal magnetic resonance imaging. Patients in whom cerebrospinal fluid
findings were indicative of intrathecal antibody production (increased IgG index or oligoclonal cerebrospinal fluid bands absent in serum) were excluded only if there were sufficient
additional findings to allow diagnosis of other conditions (eg, multiple sclerosis).
Genomic DNA was extracted from peripheral blood lymphocytes according to standard
procedures. All 17 coding exons and flanking intronic sequences of the spastin gene
were separately polymerase chain reaction (PCR) amplified from genomic DNA. Primer
sequences and parameters for amplification are available upon request. The PCR products
of exons 1, 6, 13, 14, 15, and 16 were directly sequenced using the Dye Terminator method
on an ABI 3730 DNA sequencer (Applied Biosystems, Foster City, CA, USA). The PCR
products of exons 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, and 17 were subjected to denaturing gradient
gel electrophoresis. For exons 4, 8, 9 and 10, two separate PCR fragments, indicated as
fragments a and b, had to be analyzed. PCR products were heated for 10 minutes at 96°C,
and subsequently for 45 minutes at 50°C to allow the formation of heteroduplexes. The
samples were electrophoresed in a 6.5% polyacrylamide gel, 1x tris-acetate-ethylenediamine
tetraacetic acid, with a linearly increasing gradient of denaturants urea and formamide at
59°C for 10 hours at 150V. For the analysis of PCR fragments 7, 8a, and 9a, a denaturing gradient ranging from 10 to 45% was used; for the remaining PCR fragments, a denaturing gradient ranging from 10 to 55%. After electrophoresis, the gels were stained with
ethidium bromide and photographed under ultraviolet light. For mutation identification,
PCR products showing an abnormal migration pattern on denaturing gradient gel electrophoresis analysis were directly sequenced as described earlier. No DNA of family members
could be obtained for further study.

Results
Study population
Ninety-nine patients were included in this study. Clinical characteristics are shown in
Table 1. Three patients were Asian, one was black African and the remaining were white.
Fifty-two patients had symptomatic involvement of the arms or of the bulbar region. Fortyseven patients had UMN symptoms restricted to the legs.
Spastin mutations
We found spastin mutations in 7 patients, but not in 100 healthy controls (Table 2). The
c.1245+1G>A mutation is a previously reported splice/donor site mutation and causes
skipping of exon 9, which lies within the AAA-cassette. 22 Three mutations (c.1729-2A>T,
c.1324G>T (p.Glu442X) and the previously reported c.1741C>T (p.Arg581X) mutation)
cause truncation or failure of production of the spastin protein, which makes these
mutations almost certainly pathogenic.23 The three other mutations were missense
mutations that cause a non-conservative amino acid change. Two of these (c.1048G>C
20
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Table 1. Characteristics of the 99 included patients with a sporadic upper motor neuron syndrome.
Sex, n (%)
Male

59 (60)

Female

40 (40)

Median age at onset, yr (range)

50 (18-76)

Median duration, yr (range)

6

(1-30)

Bulbar

8

(8)

Spinal

91 (92)

Site of onset, n (%)

Affected body regions, n (%)
Bulbar

35 (35)

Arms

45 (45)

Legs

96 (97)

Legs only

47 (48)

(p.Ala350Pro) and c.1625A>G (p.Asp542Gly)) were located in a conserved region within
the functionally important AAA-domain, which makes them likely to be pathogenic.
The other (c.1735A>C (p.Asn579His)) was located in a non-conserved region within the
conserved AAA-domain, but this mutation was found previously in an unrelated Dutch
HSP patient (unpublished results).
Clinical Features
The clinical features of the patients with spastin mutations are summarized in Table 2. Six
mutations, of which 4 were novel, were found in the subgroup of 47 patients with UMN
symptoms restricted to the legs (13%). On examination, two of these patients had UMN
signs in the arms or in the bulbar region (positive pseudobulbar reflexes or hyperreflexia),
but this was asymptomatic. Another novel spastin mutation was found in a 34-year-old
woman of Turkish descent (Patient 7), who had acquired a rapidly progressive spastic tetraparesis and pseudobulbar dysarthria within a period of one year, without clinical evidence
of LMN involvement. At the last follow-up at age 35, 1 year after the initial visit, she had
progressed to anarthria, severe dysphagia requiring percutaneous endoscopic gastrostomy
feeding, loss of voluntary movement of all extremities, and symptoms of night-time hypoventilation. Neurological examination showed widespread atrophy and fasciculation in
all body regions, but the clinical presentation was still dominated by severe spasticity. At
that time she fulfilled the (revised) El Escorial criteria for clinically definite ALS. 24 In the
other patients with UMN symptoms in the arms or bulbar region, no spastin mutations
were found. Other clinical features, including age at onset, were not significantly different
between patients with and patients without a spastin mutation.
21
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c.1735A>C

p.Asn579His

Caucasian

M

36

29

Mutation

Mutation at protein level

Ethnicity

Sex

Age, yr

Onset age, yr

Neg

Pseudobulbar reflexes

No

Hyperreflexia

Yes

Yes

Unaided

Hyperreflexia

Babinski sign

Walking ability

No

No

Urinary urgency

Progression to ALS

ALS = amyotrophic lateral sclerosis

No

Impaired vibration sense

Additional features

Yes

Symptoms

Legs

No

Symptoms

Arms

No

Dysarthria

Bulbar region

1

Patient no.

No

No

Yes

Walker

Yes

Yes

Yes

Yes

No

Neg

No

44

65

M

Caucasian

Truncation

c.1729-2A>T

2

No

Yes

Yes

Unaided

Yes

Yes

Yes

No

No

Neg

No

69

72

F

Caucasian

p.Glu442X

c.1324G>T

3

Table 2. Characteristics of the seven patients with a spastin mutation.

No

Yes

No

Cane

Yes

Yes

Yes

No

No

Neg

No

50

53

M

Caucasian

p.Ala350Pro

c.1048G>C

4

No

Yes

No

Wheelchair

Yes

Yes

Yes

Yes

No

Pos

No

32

62

F

Caucasian

p.Arg581X

c.1741C>T

5

No

No

No

Unaided

Yes

Yes

Yes

No

No

Neg

No

50

54

F

Caucasian

Exon skipping

c.1245+1G>A

6

Yes

No

No

Wheelchair

Yes

Yes

Yes

Yes

Yes

Pos

Yes

33

34

F

Caucasian

p.Asp542Gly

c.1625A>G
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Discussion
We screened the spastin gene in a large group of apparently sporadic patients with an unexplained adult-onset UMN syndrome and found seven mutations, five of which were novel.
Our study population included 47 patients with UMN symptoms only in the legs, 1 patient
who had a rapidly progressive spinal and bulbar UMN syndrome that progressed to ALS,
and 51 patients with arm or bulbar UMN symptoms with slow progression.
A high frequency of spastin mutations was found in the patients with the HSP phenotype
(6/47, 13%). Previous studies that screened the spastin gene in sporadic HSP were small,
and results were inconsistent: spastin mutations were found in two of 29 (7%) and in 1 of 19
(5%) patients with sporadic HSP, whereas one study could not detect any spastin mutation
in 11 patients. 23,25,26 Another study reported two sporadic patients with a spastin mutation
among a group of 20 patients with HSP, but it was unclear how many of the 20 patients
were sporadic or familial.27
Interestingly, we found one novel mutation in a patient with rapid subsequent progression
to clinically definite ALS. She never had a typical HSP phenotype, because she had arm
involvement from onset and dysarthria within 1 year. There are no previous reports of occurrences of ALS in families with spastin mutations or families with other genetic types of
HSP. In the only study that investigated the spastin gene in ALS, no mutations were found
in 19 patients with ALS with a predominantly UMN phenotype or in 8 patients with noncopper-zinc superoxide dismutase 1 gene-related familial ALS.28 However, there is evidence
that the neuropathology of spastin mutations extends to LMNs. In three autopsy cases of
HSP with spastin mutations, LMNs, although not affected clinically, showed hyaline inclusions and alteration in immunostaining for cytoskeletal proteins and mitochondria, which
suggests a pathophysiological role of cytoskeletal dysregulation. 29 Although the mutation
in our patient with rapid progression to ALS is almost certainly pathogenic, its role in the
current disease history is unclear. One possibility is that there is no relation at all, and that
this patient is essentially an asymptomatic spastin mutation carrier who experienced development of ALS. Conversely, it is possible that ALS can be a rare phenotypic manifestation
of SPG4, which could be a specific feature of the c.1625A>G (Asp542Gly) mutation. In
addition, spastin mutations may increase susceptibility for development of ALS. Unfortunately, examination and genetic screening of family members was not possible in this
family.
No spastin mutations were found in the 51 patients with UMN involvement of the arms or
the bulbar region and slow progression. The phenotype of these patients might be suggestive
of PLS, because these patients fulfilled most (gradually progressive spastic paresis, usually
beginning in the lower limbs, adult onset, no evidence of lower motor neuron involvement,
a negative family history, and exclusion of other causes by laboratory and imaging studies)
but not in all cases all (severe spastic spinobulbar paresis, with symmetrical distribution,
disease duration of at least 3 years) of the diagnostic criteria for PLS that Pringle and collegues2 proposed.
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Although UMN loss in PLS is eventually more progressive than in HSP, and transition
of PLS to ALS has been reported,30 PLS may be difficult to distinguish from sporadic
forms of HSP because PLS may present with spastic paraparesis for many years before involvement of the arms or the bulbar region becomes evident.7 Our results, and those of a
previous study showing no spastin mutations in 10 PLS patients, 28 indicate that patients
with gradually progressive spastic paresis of the legs who have a spastin mutation are highly
unlikely to evolve to a PLS phenotype. Apart from one investigation excluding paraplegin
mutations (SPG7, AR-HSP) in eight patients with PLS, 28 no other HSP genes have been
studied in patients with PLS.
In patients with a UMN syndrome, a careful family history remains important. Our study
design did not allow systematic examination of all family members. However, the referring
neurologists of the patients generally included examination of family members where
possible. In addition, before inclusion in our study, we carefully re-reviewed the family
history of all patients, and excluded doubtful cases. The selection of patients may resemble
clinical practice, where the possibility of examining family members may be limited by
various causes (eg, death, broken family ties, ethical issues, lack of cooperation). For these
reasons, we used the term apparently sporadic patients to indicate that subjects may actually
have a genetic disorder, HSP.
Our results support the decision to offer spastin gene analysis to patients with a phenotype
of spastic paraparesis. Finding a mutation is important both from a diagnostic and prognostic point of view. Genetic counseling can be offered to the patient and the other family
members, although accurate genetic counseling may be difficult if it cannot be verified
whether the parental generation is unaffected because they lacked the mutation or are unaffected because of incomplete penetrance. Patients can be informed that they have HSP,
not PLS, and that, as a consequence, symptomatic arm or pseudobulbar involvement is very
unlikely to develop.1 They also can be reassured that progression to ALS, as may occur in
PLS,30 is not to be expected.
This study shows that spastin mutations are a frequent cause of apparently sporadic spastic
paraparesis, but not of PLS. The number of known HSP genes is expanding rapidly.12,13
Future studies should further determine to what extent these are implicated in sporadic
HSP and PLS.
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Abstract
Objective: To investigate the frequency of autosomal recessive paraplegin mutations in
patients with sporadic adult-onset upper motor neuron (UMN) syndromes.
Methods: We analyzed the paraplegin gene in 98 Dutch patients with a sporadic adultonset UMN syndrome. Inclusion criteria were a progressive UMN syndrome, adult-onset,
duration >6 months and negative family history. Exclusion criteria were clinical or electrophysiological evidence of lower motor neuron loss and evidence of other causes using a
predefined set of laboratory tests, including analysis of the spastin gene.
Results: Seven patients had homozygous or compound heterozygous pathogenic paraplegin mutations: six patients had UMN symptoms restricted to the legs and one had UMN
symptoms in legs and arms. No mutations were found in the 33 patients with UMN involvement of the bulbar region. Age at onset was lower in the seven patients with paraplegin mutations (37 years, range 34-42) than in the 91 patients without mutations (51 years,
range 18-77, p = 0.001). Three of the seven patients with paraplegin mutations and none of
the patients without mutations developed cerebellar signs during follow-up.
Conclusions: Paraplegin mutations are a frequent cause of sporadic spastic paraparesis.
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Introduction
Hereditary spastic paraparesis (HSP) is a clinically and genetically heterogeneous group of
disorders, characterized by slowly progressive spastic paraparesis.1,2 As HSP may occur sporadically, clinical differentiation from primary lateral sclerosis (PLS) may be problematic.3
PLS, a diagnosis of exclusion, is a rare sporadic disorder of progressive spino-bulbar spasticity with mostly spinal and occasional bulbar region onset and is considered to be part of
the clinical spectrum of amyotrophic lateral sclerosis (ALS).4,5 There have been very few
autopsies in both HSP and PLS, so the level of corticospinal tract dysfunction is not exactly
known. Generally, symptomatic involvement of the arms or the bulbar region would favor
a diagnosis of PLS,3,4 although atypical HSP phenotypes with dysarthria or spasticity in
the arms have been described.6,7 Conversely, patients with PLS may present with spastic
paraparesis for many years before involvement of the arms or of the bulbar region becomes
evident.8 Some authors used an age at onset below 40 years to separate HSP from PLS9;
however, several patients with typical PLS and onset before age 40 have been reported,4,5
while symptom onset after age 40 is not uncommon for HSP.10
Screening for mutations in known HSP genes may help to differentiate sporadic HSP from
PLS and to provide a more specific diagnosis and prognosis. To date, 15 genes and more
than 20 additional loci have been identified for autosomal dominant (AD), autosomal
recessive (AR), and X-linked forms of HSP.11-18 We previously reported that mutation of
the spastin gene (SPG4), the most frequent cause of pure AD HSP (about 40% of AD
HSP),19 is a frequent cause of sporadic HSP (13%).10 The role of other known HSP genes in
sporadic UMN syndromes is largely unknown. Hypothetically, AR forms of HSP could be
relatively common in patients with sporadic HSP.
Mutations of the paraplegin gene (SPG7) cause 1.5-6% of AR HSP and are associated with
both pure and complex phenotypes with onset in childhood or adulthood. 20-22 Paraplegin is a nuclear-encoded mitochondrial metalloprotease protein that is a member of the
AAA (ATPases associated with a variety of cellular activities) protein family. 23 Members
of this protein family share an ATPase domain and have roles in diverse cellular processes
including membrane trafficking, intracellular motility, organelle biogenesis, protein
folding, and proteolysis.24
To investigate the frequency of paraplegin mutations in patients with sporadic UMN
syndromes, we screened the paraplegin gene in 98 Dutch patients in whom spastin
mutations had been excluded previously.
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Methods
Patients
This study was carried out in patients with a sporadic adult-onset UMN syndrome who
were seen from 2003 to 2007 in the University Medical Center Utrecht, a referral center
for motor neuron disorders in the Netherlands. Inclusion criteria were a progressive UMN
syndrome, adult onset, duration >6 months, and negative family history. The bulbar region
was considered affected if there was pseudobulbar dysarthria, and arms and legs were considered affected if there were UMN signs associated with symptoms. Exclusion criteria
were lower motor neuron (LMN) loss fulfilling revised El Escorial critera for clinically
definite, clinically probable, or probable laboratory-supported ALS25 and evidence of other
causes of a UMN syndrome using the following laboratory investigations: serum biochemistry (including thyroid-stimulating hormone, angiotensin converting enzyme, vitamin
B12, folate, and vitamin E), very long chain fatty acid analysis in plasma, serology (syphilis,
borreliosis, human T-cell lymphotrophic virus type 1 and HIV), bile alcohol analysis in
urine, and cerebral and spinal MRI. Mutation analysis of the spastin gene was performed
in all patients, resulting in exclusion of seven patients with spastin gene mutation, who
were reported previously.10 Our method of spastin gene analysis did not include techniques
to identify deletions, which may be a frequent additional cause of HSP.18 The study was
approved by the medical ethics review board of the University Medical Center in Utrecht
and written informed consent was obtained from all patients.
Mutation analysis
Genomic DNA was extracted from peripheral blood lymphocytes according to standard
procedures. All 17 coding exons as well as flanking intronic sequences of the paraplegin
gene (GenBank reference sequence accession number NM_003119.2, National Center
for Biotechnology Information were PCRs amplified from genomic DNA. The A of the
ATG start codon in exon 1 is defined as “position 1” for the numbering of nucleotides in
mutation and DNA-variant nomenclature. Primer sequences and amplification parameters
are available online (appendix e-1 on the Neurology® Web site at www.neurology.org).
Purified PCR products (using Multiscreen PCR µ96 filter plate, Millipore Carrigtwohill,
CO Cork, Ireland) were directly sequenced on an ABI 3730 automated sequencer (Applied
Biosystems, Foster City, CA). Sequence changes were identified as mutations, based on
the following criteria: 1) sequence changes are not reported as polymorphisms in different
databases, 2) the changes are located in an evolutionary conserved region, 3) amino acid
substitutions have an effect on a splice site, or have a chemical consequence, 4) different
mutation prediction programs (e.g., PolyPhen [http://genetics.bwh.harvard.edu/pph/] and
SIFT [http://blocks.fhcrc.org/sift/SIFT.html]) predict a pathogenic amino acid change, or
predict an alteration of the effectiveness of a splice site (e.g., NetGene 2 [www.cbs.dtu.dk/
services/NetGene2/] , SpliceSiteFinder [www.genet.sickkids.on.ca/~ali/splicesitefinder.
html], or Fruitfly [www.fruitfly.org/seq_tools/splice.html], 5) changes have not been found
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in over 200 control alleles, or 6) the changes lead to a premature stop codon or create/
remove a splice acceptor or a splice donor site. If available, parental DNA was analyzed
to confirm presence of the mutations in different paraplegin alleles. In addition, patients
in whom only a single heterozygous pathogenic mutation could be identified, were subsequently analyzed by multiplex ligation-dependent probe amplification to detect possible
deletions or duplications within the paraplegin gene.

Results
Study population
Clinical characteristics of the 98 patients included in this study are shown in Table 1. Three
patients were of Asian, one of black African and the remaining of Caucasian ethnicity.
Four patients had had parents who were related to each other. UMN symptoms were restricted to the legs in 49 patients, 16 patients had UMN symptoms in arms and legs, and 33
had bulbar region UMN involvement. Emotional lability was seen in 26 of the 33 patients
with bulbar region UMN involvement.
Paraplegin sequence variants
We detected known single-nucleotide polymorphisms (SNPs) as reported in the dbSNP
database (available at http://www.ncbi.nlm.nih.gov/SNP), with similar frequencies (not
shown). We found a further nine different paraplegin sequence variants, of which seven
were novel, in 11 patients (table 2). The c.1454-1462del [p.Arg485_Glu487del] variant is
a known pathogenic mutation.20,21 The c.1529C>T [p.Ala510Val] missense mutation was
originally described as a polymorphism, but it causes a nonconservative amino acid change
in a highly conserved region, computer programs predict it to be pathogenic, and a later study
showed it to be significantly associated with HSP. 22 The other seven detected variants were
novel. Four are missense mutations that are probably pathogenic, as they cause a nonconservative amino acid change in a conserved region (c.1045G>A [p.Gly349Ser], c.2014G>A
[p.Gly672Arg], c.2069C>T [p.Pro690Leu], and c.2228T>C [p.Ile743Thr]) and computer
models predict them to be pathogenic. Of the other three novel variants, the pathogenicity
cannot be determined reliably. Two are missense mutations of uncertain pathogenicity, as
they are located in a nonconserved region (c.2219A>G [p.Tyr740Cys]) or in a moderately
conserved, but not functionally important, region (c.2275G>A [p.Ala759Thr]). One is an
intronic mutation (c.IVS4+11_68del) that is unlikely to be pathogenic. Splice prediction
programs show no or just a very moderate effect on its effectiveness. Pathogenicity cannot,
however, be ruled out completely. One could imagine that other regulatory elements in the
DNA sequence might be affected.
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Table 1. Characteristics of the 98 included patients with a sporadic adult-onset upper motor neuron syndrome.
Characteristics

No. (%) or median (range)

Male

61 (62)

Female

37 (38)

Age at onset, y

50 (18-77)

Duration, y

6

(1-29)

Bulbar

8

(8)

Spinal

90 (92)

Site of onset

Affected body regions
Bulbar

33 (34)

Arms

41 (42)

Legs

96 (98)

Legs only

49 (50)

Table 2. Paraplegin gene sequence variants, other than known polymorphisms, detected in the study population.

Variant

Effect on protein

Patient
chromosomes

No. of
patients

Pathogenicity

c.1454-1462del

p.Arg485_Glu487del

6

5

Confirmed

c.1529C>T

p.Ala510Val

5

5

Confirmed

c.1045G>A

p.Gly349Ser

2

2

Probable

c.2014G>A

p.Gly672Arg

1

1

Probable

c.2069C>T

p.Pro690Leu

1

1

Probable

c.2228T>C

p.Ile743Thr

1

1

Probable

c.2219A>G

p.Tyr740Cys

1

1

Uncertain

c.2275G>A

p.Ala759Thr

1

1

Uncertain

c.IVS4+11_68del

(intronic mutation)

1

1

Unlikely

Clinical features of patients with causative paraplegin mutations
Seven patients had homozygous or compound heterozygous paraplegin mutations that
were considered causative (known pathogenic mutations or novel mutations of probable
pathogenicity). The clinical characteristics of these seven patients are shown in Table 3. The
parents of patient 4, who had homozygous paraplegin mutations, were second cousins. At
the time of inclusion, six of these patients had spastic paraparesis without bulbar region or
arm involvement compatible with typical pure HSP. One patient (patient 7) also had UMN
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involvement of the arms, evolving simultaneously with the leg symptoms from disease
onset, as determined by the presence of arm hyperreflexia associated with loss of dexterity.
In addition, this patient developed cerebellar intention tremor without dysmetria of the
arms during follow-up, 15 years from disease onset. Two of the other six patients developed
cerebellar signs on follow-up: ataxic gait (patient 2, emerging 10 years from disease onset)
and cerebellar dysarthria (patient 6, emerging 25 years from disease onset). Analysis of
spinocerebellar ataxia (SCA) genes was considered in these patients, but was not proceeded
when mutations in the paraplegin gene became known, which well explain this phenotype.
However, a mutation of SCA genes was thus not formally excluded. Muscle biopsy was
performed in one patient (patient 6) at age 42 and showed only minimal fiber size variability. Two-color histochemistry for succinic dehydrogenase (SDH) and cytochrome c oxidase
(COX) revealed 5 among a total of 958 fibers (0.52%) with intense SDH activity and devoid
of COX activity. This frequency of COX-negative fibers may be slightly too high to be attributed to normal aging26 and might thus suggest mitochondrial oxidative phosphorylation impairment, as reported previously in HSP due to paraplegin mutations.20,23 Median
age at onset in these seven patients with paraplegin mutations (37 years, range 34-42) was
lower than in the 91 patients without mutations (51 years, range 18-77, p = 0.001), while
other clinical features were not significantly different.
Clinical features of patients with one paraplegin mutation or with two paraplegin variants of
uncertain or unlikely pathogenicity
Three patients who carried only one paraplegin mutation of confirmed, probable, or
uncertain pathogenicity (c.1529C>T [p.Ala510Val], c.1045G>A [p.Gly349Ser], and
c.2275G>A [p.Ala759Thr]) had a phenotype of pure spastic paraparesis. One patient who
carried one missense mutation of uncertain pathogenicity (c.2219A>G [p.Tyr740Cys])
and one intronic mutation of unlikely pathogenicity (c.IVS4+11_68del) had a unilateral
UMN syndrome of the right arm and leg, without bulbar region involvement.

Discussion
We screened the paraplegin gene in a large group of 98 sporadic patients with an adult-onset
UMN syndrome in whom spastin mutation was excluded. We found known polymorphisms and an additional nine sequence variants, seven of which were novel, in 11 patients.
Seven patients had homozygous or compound heterozygous mutations of confirmed or
probable pathogenicity and were, therefore, regarded as SPG7 patients. Median age at
onset in the seven patients with paraplegin mutations was lower (37 years, range 34-42)
than in the 91 patients without mutations (51 years, range 18-77, p = 0.001), similar to the
age at onset in previously reported SPG7 patients (range 11-42 years). 21,22,27 Some authors
used an age at onset below 40 years to separate HSP from PLS9; however, several patients
with typical PLS and onset before age 40 have been reported,4,5 while symptom onset after
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36

Dysarthria

No

No

No

Spasticity

Weakness

Hyperreflexia

Yes

Mild

Yes

Symptoms

Spasticity

Weakness

Legs

No

Symptoms

Arms

No

8

Disease duration, y

Bulbar region

42

Onset age, y

Yes

Mild

Yes

No

No

No

No

No

7

39

F

Caucasian

p.Ala510Val

p.Ala510Val

F

p.Arg485_
Glu487del

p.Arg485_
Glu487del

Caucasian

c.1529C>T

c.1529C>T

Sex

c.1454-1462del

c.1454-1462del

Ethnicity

Effect at protein level

Mutatations at DNA
level

Patient 2

Patient 1

No

Mild

Yes

No

No

No

No

No

10

36

M

Caucasian

p.Ala510Val

p.Arg485_
Glu487del

c.1529C>T

c.1454-1462del

Patient 3

No

Mild

Yes

No

No

No

No

No

8

39

M

Caucasian

p.Arg485_
Glu487del

p.Arg485_
Glu487del

c.1454-1462del

c.1454-1462del

Patient 4

No

Mild

Yes

No

No

No

No

No

10

37

F

Caucasian

p.Gly672Arg

p.Ala510Val

c.2014G>A

c.1529C>T

Patient 5

Table 3. Clinical characteristics of the seven patients with homozygous or compound heterozygous pathogenic paraplegin mutations

No

Mild

Yes

No

No

No

No

No

23

34

M

Caucasian

p.Ile743Thr

p.Arg485_Glu487del

c.2228T>C

c.1454-1462del

Patient 6

No

Mild

Yes

Yes

No

No

Yes

No

14

35

F

Caucasian

p.Pro690Leu

p.Gly349Ser

c.2069C>T

c.1045G>A

Patient 7

Chapter 3

Yes

Unaided or cane

Babinski sign

Walking ability

Cerebellar signs

-

Normal

MRI brain

Follow-up

No

Bladder dysfunc tion

Additional features

Yes

Hyperreflexia

Table 3. Continued

Spastic-ataxic
gait

Normal

Yes

Unaided or cane

Yes

Yes

-

Normal

No

Unaided

Yes

Yes

-

Normal

Yes

Cane or walker

Yes

No

-

Normal

Yes

Unaided

Yes

Yes

Cerebellar dysarthria

Cerebellar atrophy

No

Cane

Yes

Yes

Intention
tremor

Normal

Yes

Walker

Yes

Yes
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age 40 is not uncommon for some other genetic types of HSP, including the most frequent
form of HSP associated with spastin gene mutation (SPG4).10 In addition, several patients
with typical PLS and onset before age 40 have been reported.4,5 For these reasons, we feel
that defining HSP and PLS on the basis of age at onset is difficult. We restricted our study
to patients with onset after age 18 because we wanted to focus on adult patients and to
avoid overlap with the familial infantile/juvenile forms of PLS.
Previous studies in HSP families indicated that paraplegin mutations are not a common
cause of HSP (less than 6%).20-22 Two previous studies investigated smaller numbers of
patients with sporadic HSP: one study found paraplegin mutations in 2 out of 29 sporadic
patients (~7%)21 while the other study detected no paraplegin mutations in 8 patients.20 Our
study population included 49 patients with UMN symptoms only in the legs, 16 patients
with UMN symptoms in arms and legs, and 33 patients with bulbar region UMN involvement. A high frequency of causative paraplegin mutations was found in the patients with
UMN symptoms restricted to the legs, similar to the typical pure HSP phenotype (12% of
spastin negative patients; 11% if the 7 patients with spastin mutation are not excluded). In
the 16 patients with UMN symptoms in legs and arms in our study, only one patient had
causative paraplegin mutations (6%). This patient had hyperreflexia associated with loss
of dexterity of the arms, as has been reported previously in otherwise pure HSP, also in
patients with paraplegin mutations.6,21 Both previously reported sporadic SPG7 patients
also had UMN involvement of the arms (spasticity and hyperreflexia), 21 which was seen in
only one of our seven sporadic SPG7 patients.
The absence of causative paraplegin mutations in our 33 patients with bulbar region
UMN involvement, and the results of a previous study that found no causative paraplegin
mutations in eight PLS patients28, indicate that paraplegin mutations do not appear to be
frequent cause of PLS. One previous study reported two SPG7 patients with dysarthria
(hypernasal and slowed speech) in the absence of cerebellar signs, possibly reflecting spastic
dysarthria.27 Other studies that reported dysarthria in SPG7 patients described cerebellar
dysarthria.21,22
In three of our seven patients with paraplegin mutations the phenotype was complicated during follow-up by cerebellar signs (intention tremor of the arms, spastic-ataxic gait,
or cerebellar dysarthria), emerging many years after disease onset (range 10 to 25 years).
Cerebellar involvement is the most frequent additional feature in patients with (complicated) HSP due to paraplegin mutations and was also recorded in the two previously reported
sporadic SPG7 patients.21 As none of our patients without paraplegin mutations developed
cerebellar involvement, its appearance could be an important clinical clue for paraplegin
mutations as a cause in sporadic UMN syndromes.
In patients with a UMN syndrome a careful family history and examination of family
members remain important. The referring neurologists of our patients generally included
examination of family members where possible. In addition, before inclusion in our study,
we carefully re-reviewed the family history of all patients. This selection of patients may
resemble clinical practice, where the possibility of examining family members may be
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limited by various causes (death, broken family ties, ethical issues, lack of cooperation).
Our results support offering paraplegin gene analysis, after exclusion of spastin gene
mutation, to sporadic patients with an unexplained UMN syndrome without bulbar
region UMN symptoms, particularly in the younger patients and if cerebellar symptoms
emerge. However, the frequency of rare nucleotide variants of uncertain pathogenicity may
complicate interpretation, 22 as was the case in one patient in this study who carried two
novel paraplegin variants of uncertain (c.2219A>G [p.Tyr740Cys]) or unlikely pathogenicity (c.IVS4+11_68del). Future studies in other populations may help to determine whether
such novel paraplegin variants are associated with disease. Finding causative mutations is
important both from a diagnostic and prognostic point of view. Genetic counseling can
be offered to the patient and family members. Patients can be told that they have HSP,
not PLS, and can be reassured that progression to ALS, as may occur in PLS, 29 is not to be
expected. The specific clinical features of SPG7 can be discussed with the patient, including
the possibility of developing a complicated HSP phenotype, which could cause additional
disability compared to pure HSP.
This study shows that paraplegin mutations are a frequent cause in patients with sporadic
spastic paraparesis who are negative for spastin mutation (paraplegin mutations in 12%),
less so in patients who also have UMN symptoms in the arms (6%), and not in patients with
UMN involvement of the bulbar region. The number of known HSP genes is expanding
rapidly.11-17 Future studies should determine the extent to which these are implicated in
sporadic HSP and PLS.
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Abstract
Two known mutations (c.263G>A/p.N88S and c.269C>T/p.S90L) in exon 3 of the seipin/
BSCL2 gene (SPG17) can cause a range of AD (mixed) upper and lower motor neuron
disorders, including pure and complicated forms of hereditary spastic paraparesis (HSP),
which may also present as a sporadic disease. To investigate whether these two seipin/
BSCL2 mutations are present in patients with sporadic HSP and primary lateral sclerosis
(PLS), we screened exon 3 of the seipin/BSCL2 gene in 86 Dutch patients with a sporadic
adult-onset upper motor neuron syndrome. No exon 3 mutations were detected, indicating
that the seipin/BSCL2 exon 3 mutations are not a common cause of sporadic pure HSP
and PLS. Therefore, our results do not support including the Seipin/BSCL2 gene in the
group of first-choice HSP genes to screen for mutations during the diagnostic work-up of
sporadic HSP and PLS.
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Introduction
The ability to distinguish between sporadic presentations of hereditary spastic paraparesis
(HSP) and primary lateral sclerosis (PLS) is important in terms of prognostication and
genetic counseling, but clinical differentiation is problematic.1 PLS is a sporadic disorder
of progressive spino-bulbar spasticity, and may be part of the clinical spectrum of amyotrophic lateral sclerosis (ALS).2 HSP is a clinically and genetically heterogeneous group of
disorders characterized by a slowly progressive spastic paraparesis.3,4
To date, 15 genes and more than 20 additional loci have been identified for autosomal
dominant (AD), autosomal recessive and X-linked forms of HSP.5,6 Spastin gene (SPG4)
mutation is the most frequent cause of AD HSP (around 40% of the families), and is also
frequent in sporadic HSP (13%), but not in PLS.7 We recently found pathogenic paraplegin gene (SPG7) mutations in 11% of patients with sporadic HSP.8 The role of other HSP
genes in sporadic upper motor neuron (UMN) syndromes is largely unknown. Two known
mutations (c.263G>A/p.N88S and c.269C>T/p.S90L) in exon 3 of the seipin/BSCL2 gene
(SPG17) can cause a range of AD (mixed) upper and lower motor neuron disorders, including
Silver syndrome (HSP with amyotrophy of the hands), variants of Charcot-Marie-Tooth
disease type 2, distal hereditary motor neuropathy type V (dHMNV), but also pure and
complicated forms of HSP.9-11 Because of incomplete penetrance, seipin/BSCL2 mutation
can manifest as a sporadic disease.13

Methods
To investigate whether these two seipin/BSCL2 mutations are present in patients with
sporadic HSP and PLS, we screened exon 3 of the seipin/BSCL2 gene in 86 Dutch patients
with a sporadic adult-onset UMN syndrome. Inclusion criteria were a gradually progressive
UMN syndrome, adult-onset, disease duration >6 months, and a negative family history.
Exclusion criteria were lower motor neuron loss meeting the revised El Escorial criteria
for clinically definite, clinically probable, or probable laboratory-supported ALS12 and
evidence of other causes of a UMN syndrome based on a battery of laboratory investigations. including serum biochemistry (including thyroid-stimulating hormone, angiotensin
converting enzyme, vitamin B12, folate, and vitamin E), analysis of very long chain fatty
acids in plasma, serology (syphilis, borreliosis, human T cell lymphotrophic virus type
1 and human immunodeficiency virus), bile alcohol analysis in urine, and cerebral and
spinal magnetic resonance imaging (MRI). SPG4 and SPG7 mutations were excluded in
all patients. The study was approved by the medical ethics review board of the University
Medical Center in Utrecht and written informed consent was obtained from all patients.
Mutation screening of the seipin/BSCL2 gene was performed using automated forward
and reverse direct sequencing of exon 3. BSCL2 exon 3 was amplified by PCR using
intronic primers (primer sequences available on request), and the PCR products were
45

Chapter 4

loaded on an Applied Biosystems 3730 DNA Analyzer (Applied Biosystems, Foster City,
CA, USA). Sequence data were analyzed using Phred-PolyPhred software (CodonCode,
Dedham, WA) and compared to the BSCL2 reference sequence (GenBank accession
number NM_032667).

Results
Clinical characteristics of the 86 included patients are shown in Table 1. No exon 3
mutations were detected. A previously reported, non-pathogenic polymorphism (c.294+11
G>T)13 was identified in 27 patients (Table 2). This allele frequency is consistent with a
previous report13, and with our own data (minor allele frequency of c.294+11 G>T of 0.20
in 50 unrelated reference samples from unaffected individuals).

Table 1. Characteristics of the 86 patients of our study with a sporadic adult-onset upper motor neuron
syndrome.
Sex, n (%)
Male

56 (65)

Female

30 (35)

Age at onset, years, median (range)

51 (18 – 77)

Disease duration, years, median (range)

6

(1 – 29)

Bulbar region

7

(8)

Arms

3

(3)

Legs

76 (88)

Site of onset, n (%)

Affected body regions, n (%)
Bulbar and spinal

32 (37)

Arms and legs

14 (16)

Legs only

40 (47)

Needle EMG
Number of patients studied, n

69

Abnormal, n (%)

37 (54)

EMG, electromyography; abnormal, mild signs of active or chronic denervation (not fulfilling EL Escorial
Criteria for amyotrophic lateral sclerosis12).
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Table 2. Frequency of the seipin/BSCL2 exon 3 polymorphism in 86 patients with a sporadic adult-onset
upper motor neuron syndrome.
Polymorphism

Number of patients

c.294+11 G>T

27

Heterozygous

25

Homozygous

2

Discussion
We did not search for seipin/BSCL2 mutations outside exon 3. Results from previous studies,
however, suggest that the c.263G>A (p.N88S) and c.269C>T (p.S90L) mutations in exon
3 are probably the only two seipin/BSCL2 mutations associated with Silver syndrome and
dHMNV and that, therefore, seipin/BSCL2 mutation analysis for these disorders may be
restricted to exon 3.13 Both of these exon 3 mutations destroy a predicted N-glycosylation
site of the seipin protein, which probably causes the accumulation of misfolded mutant
seipin in the endoplasmic reticulum (ER), leading to cell death as a result of ER stress.14
Our population included 40 patients with a phenotype of spastic paraparesis, similar
to pure HSP. In families with the seipin/BSCL2 mutation, the frequency of an HSP
phenotype has been observed to be as high as 10% of the patients.10 The other 46 patients
in our study had symptomatic UMN involvement of the arms or bulbar region, which may
suggest a diagnosis of PLS.1,2 The results of our study indicate that the seipin/BSCL2 exon
3 mutations are not a common cause of sporadic pure HSP and PLS. Therefore, they do not
support including the Seipin/BSCL2 gene in the group of first-choice HSP genes to screen
for mutations during the diagnostic work-up of sporadic HSP and PLS.
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Abstract
Recessive mutations in ALS2 cause early-onset upper motor neuron diseases, including
infantile ascending hereditary spastic paralysis, juvenile amyotrophic lateral sclerosis
(ALS2), and juvenile primary lateral sclerosis (PLS). To assess the role of ALS2 in adult-onset PLS, a population of 51 PLS patients was screened for ALS2 mutations. No mutations
were found. This indicates that mutations of ALS2 are not a common cause of adult-onset
PLS.
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Introduction
Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with an adult-onset
gradually progressive pure upper motor neuron (UMN) syndrome. It has been debated
whether PLS is a separate disease or part of the spectrum of ALS. Adult-onset PLS is
almost always sporadic; it can, however, be a rare manifestation of familial ALS (FALS).1
Homozygous mutations in the ALS2 gene are causative for autosomal recessive, early-onset forms of UMN diseases described as infantile ascending hereditary spastic paralysis
(IAHSP)2 and juvenile primary lateral sclerosis (JPLS).3,4 They are also rarely associated
with lower motor neuron (LMN) involvement (juvenile amyotrophic lateral sclerosis,
ALS2).3,4 Whether ALS2 mutations may also cause adult-onset PLS is not known. We,
therefore, analyzed the ALS2 gene in 51 Dutch patients with adult-onset PLS.

Methods
We included 51 Dutch patients (31 men and 20 women) with a progressive UMN syndrome
of adult onset (median 51 years, range 18 to 76 years) and a median disease duration of 8
years (range 2 to 25 years). Onset was in the legs in 39, in the arms in 3, and in the bulbar
region in 9 patients. At inclusion, 37 patients had spinal and bulbar UMN symptoms, 10
in arms and legs, 2 in the legs only, and another 2 in the bulbar region only. No patient had
clinical evidence of generalized LMN involvement, and known causes of UMN loss were
excluded using cerebal and spinal MRI and laboratory investigations (including thyroidstimulating hormone, vitamin B12, folate, vitamin E, very long chain fatty acid analysis in
plasma, bile alcohol analysis in urine, and serology for syphilis, Lyme disease, HTLV-1 and
HIV). One patient had a family history of FALS and was previously reported (Family B).1
Family history was negative for HSP, and mutation of the spastin gene (SPG4) had been
excluded in 49 of the 51 patients.
For all patients, the 34 exons and the flanking splice sites were amplified from genomic
DNA and analyzed for sequence variation by denaturing high-performance liquid chromatography (DHPLC, Transgenomic WAWE system).3 Samples in which variants were
detected on the chromatogram were sequenced 2 to confirm and identify the sequence
change. To validate our DHLPC conditions, the genomic DNA of 25 patients we previously tested positive for ALS2 mutations or sequence variants by direct sequencing was
also analysed by DHLPC, and 4 PLS patients in the current study were screened for ALS2
mutations by both DHPLC and direct sequencing techniques.
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Results
Fourteen ALS2 sequence variants were detected (table). Thirteen of these variants are
known single nucleotide polymorphisms (SNPs) present in the SNP database (available
at http://www.ncbi.nlm.nih.gov/SNP/). The 4116A>G variant is a new sequence variant
that substitutes isoleucine at position 1371 by methionine. Isoleucine and methionine
are identically hydrophobic residues, and the position 1371 is not part of a known critical
domain of the ALS2 protein. The frequency of each ALS2 variant in our PLS patients was
compared to the control values.5 This control population, similar to our PLS cohort, has a
Caucasian origin (French, French Canadian, and Dutch subjects). No statistical differences
were found between our PLS cohort and the control population using the conditional form
of the 2-tailed Fisher exact test, assuming independent inheritance of each variant (table).

Discussion
In our population of adult-onset PLS patients, we identified only SNPs and sequence
variants without pathogenic significance, suggesting that ALS2 mutations are not a
common cause of adult-onset PLS. ALS2 mutated patients reported as JPLS and IAHSP
show a homogeneous phenotype of onset of spastic paraparesis in the first 2 years of life progressing to spastic tetraparesis within the first decade and with development a pseudobulbar
syndrome within the second decade. Our population of adult-onset PLS patients showed
a widely variable age of onset and included patients with disease onset in the legs, but also
patients with bulbar or arm onset, indicating that adult-onset PLS is a more heterogeneous clinical entity than JPLS and IAHSP. Similar results were obtained in two previous
studies that screened for ALS2 gene mutations among patients mostly with sporadic and
familial ALS.5,6 These studies, however, included only three patients with PLS compared
with 51 in our study. Identical to our PLS population, the age of onset was always after the
first decade. This indicates that ALS2 mutations are limited to rare, autosomal recessive,
early-onset forms of UMN diseases described as IAHSP and JPLS and rarely associated
with LMN involvement in ALS2. In addition, we found no statistical differences in the
frequency of each ALS2 variant in our PLS patients compared with a control population.
Future collaborative studies may enable performance of association studies in larger groups
of patients to further determine whether specific ALS2 variants increase susceptibility or
modify disease in PLS.
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rs2276615

rs3219161

rs34946105

rs3219168

/

2483A>G

2793C>T

3882A>G

4012C>T

4116A>G

rs3737030

rs3820967

rs1210940

rs3219163

rs3219169

rs3219170

rs3219171

IVS10-62C>T

IVS9-213C>T

IVS26-64A>G

IVS20-75A>G

IVS29+7G>A

IVS29-48T>C

IVS30-69T>A

30

29

29

20

26

9

10

4

26

26

25

15

13

4

Exon or intron no.

NA

NA

NA

NA

NA

NA

NA

NA

p.I1371M

p.L1337L

p.A1294A

p.S930S

p.V820V

p.V368M

Amino acid change

23 (16:A/A) (7:A/T)

7 (C/C)

11 (8:A/G) (3:A/A)

9 (6:A/G) (3:G/G)

2 (A/G)

2 (C/T)

1 (T/T)

14 (A/G)

2 (A/G)

8 (5 :T/T) (3:C/T)

1 (A/G)

5 (C/T)

18 (12:G/G) (6:A/G)

6 (4:A/G) (2:G/G)

No. of patients with variants (genotype)

38

13.7

13.7

11.7

1.96

1.96

1.96

13.72

1.96

12.7

0.98

4.9

29.4

7.8

PLS

29

10

17.9

18.4

0

1.6

0

13.7

0

6.8

0

5.3

37

10

Control

Frequency (%)

0.11

0.34

0.41

0.18

0.13

0.99

0.13

0.99

0.13

0.12

0.36

0.99

0.22

0.67

p Value

Details, location, and genomic context of each sequence variant. Variants are given according to published guidelines.7 For coding variants, the number refers to the position in
the ALS2 mRNA reference sequence NM_020919 with start codon ATG at nucleotide +1. For intronic variants, the number refers to the number of base pairs from the donor
site (+) or acceptor site (-) of the intron (IVS).
PLS = primary lateral sclerosis; SNP = single-nucleotide polymorphism; NA = not applicable; (/) = no ref SNP available.

rs7585706

IVS4-27A>G

Intronic

rs3219156

Ref SNP (rs no.)

1102A>G

Coding

Variant

Table. DNA sequence variants detected in a population of 51 patients with PLS.
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Abstract
Objective: To study whether clinical characteristics can differentiate sporadic presentations of hereditary spastic paraparesis (HSP) from primary lateral sclerosis (PLS). Differentiation between these diseases is important for genetic counseling and prognostication.
Design: Case series.
Setting: Tertiary referral center.
Patients: One hundred and four Dutch patients with an adult-onset, sporadic upper motor
neuron syndrome of at least three years’ duration. HSP was genetically confirmed in 14
patients (7 with SPG4 and 7 with SPG7 mutations).
Results: All 14 patients with the SPG4 or SPG7 mutation had symptom onset in the legs,
and 1 of the patients with the SPG7 mutation also developed symptoms in the arms. Of the
other 90 patients, 78 (87%) had symptom onset in the legs. Thirty-six patients developed
a PLS phenotype (bulbar region involvement), 15 had a phenotype that was difficult to
classify as similar to HSP or PLS (involvement of legs and arms only), and 39 continued
to have a phenotype similar to typical HSP (involvement of the legs only). Median age at
onset was lower in patients with the SPG4 or SPG7 mutation (39 [range, 29-69] years), but
there was considerable overlap with patients with the PLS phenotype (52 [range, 32-76]
years). No differences were found in the features used by previous studies to distinguish
HSP from PLS, including evidence of mild dorsal column impairment (decreased vibratory
sense or abnormal leg abnormal leg somatosensory evoked potentials), symptoms of urinary
urgency, or mild EMG abnormalities.
Conclusions: In most patients with a sporadic adult-onset upper motor neuron syndrome,
differentiation of sporadic presentations of HSP from PLS based on clinical characteristics
is unreliable and therefore depends on results of genetic testing.
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Introduction
In patients with an apparently sporadic adult-onset upper motor neuron (UMN)
syndrome, clinical differentiation between primary lateral sclerosis (PLS) and hereditary
spastic paraparesis (HSP) can be problematic.1 PLS is a rare sporadic disorder of progressive
spino-bulbar spasticity with mostly spinal and occasionally bulbar region onset. 2-12 HSP is
a clinically and genetically heterogeneous group of disorders characterized by a slowly progressive spastic paraparesis.1,13 To date, 15 genes and more than 20 additional loci have been
identified for autosomal dominant, autosomal recessive, and X-linked forms of HSP.14-21
To exclude HSP, current diagnostic criteria for PLS require absence of a family history.5
However, researchers increasingly recognize that the apparently sporadic occurrence of
HSP is not uncommon, and mutations of the spastin (SPG4) and paraplegin (SPG7) genes
are a frequent cause.1,22,23
Differentiation between HSP and PLS is important for genetic counseling of family
members and for the patients’ prognosis because HSP generally has a more favorable
prognosis than PLS.1 Furthermore, progression to amyotrophic lateral sclerosis (ALS), as
may occur in PLS, 24 is not expected in HSP. Symptomatic UMN involvement of the arms
and particularly of the bulbar region is unusual in pure HSP and would favor a diagnosis of
PLS.1,25 PLS may, however, present with a slowly progressive spastic paraparesis of the legs,
similar to the typical HSP phenotype, for many years before onset of arm or bulbar region
symptoms.1,9 To separate apparently sporadic HSP from PLS, previous studies used several
clinical features, such as an age at onset of younger than 40 years,10 evidence of mild dorsal
column impairment such as decreased vibratory sensation in the distal legs or abnormal leg
somatosensory evoked potentials (SSEPs),1 and symptoms of urinary urgency,1,5 but how
appropriate these criteria are has yet to be validated.
To study whether clinical characteristics can be used to differentiate between sporadic
presentations of HSP and PLS in patients with apparently sporadic adult-onset UMN
syndromes, we performed a nationwide search for patients in The Netherlands.

Methods
Patients
From November 1, 2002, through March 31, 2005, all Dutch neurologists were asked to
enroll patients with an apparently sporadic adult-onset idiopathic UMN syndrome. In
addition, 1 large referral center for patients with motor neuron disease in Leuven, Belgium,
agreed to participate. The study protocol was approved by the medical ethics review board
of the University Medical Center Utrecht, and written informed consent was obtained
from each patient.
Inclusion criteria were a gradually progressive UMN syndrome with adult onset (age, ≥18
years) and a disease duration of at least 3 years. Exclusion criteria were a positive family
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history, clinical evidence of generalized lower motor neuron involvement fulfilling revised
El Escorial criteria for clinically probable or clinically definite ALS, 26 the presence of cerebellar or extrapyramidal signs, the presence of sensory signs other than decreased distal
vibration sensation (absent at the ankles), and other causes of UMN loss that were investigated using a predefined series of laboratory tests. The presence of mild focal amyotrophy
limited to 1 or 2 muscles in 1 region and presence of fasciculation were allowed. Additional
laboratory investigations were performed to exclude other causes, including serum biochemistry, plasma levels of vitamin B12 and E, thyrotropin, and very–long-chain fatty acids,
biliary alcohol levels in urine; serologic testing for syphilis, Lyme disease, human T-lymphotropic virus I, and human immunodeficiency virus infection; and magnetic resonance
imaging (MRI) of the brain and the spinal cord. Diagnostic MRI white matter changes, for
example abnormalities suggestive of demyelinating disorders or leukodystrophy, and the
presence of a thin corpus callosum were not allowed. We required that appropriate needle
electromyography (EMG) had been performed at least 3 years after disease onset to exclude
(laboratory-supported) ALS, according to the revised El Escorial criteria.26 DNA analysis
of the spastin gene (SPG4) (GenBank AJ246001, OMIM *604277), the most common
cause of autosomal-dominant pure HSP, 27 and the paraplegin gene (SPG7) (GenBank
Y16610, OMIM *602783), which causes a form of autosomal recessive HSP with pure or
complicated phenotypes, 28 was performed in all patients. HSP was genetically confirmed
in 14 patients (7 with SPG4 and 7 with SPG7 mutations) as published previously. 22,23 In
approximately 75% of our patients, we performed additional genetic tests using multiplex
ligation-dependent probe amplification to identify SPG4 exonic microdeletions, 29 but
none were found.
Clinical evaluation
The bulbar region was considered affected if pseudobulbar dysarthria was present. The
arms and legs were considered affected if there was at least 1 of the following findings on
neurological examination results: spasticity (defined as a modified Ashworth scale30 score
≥2), obvious loss of dexterity due to spasticity (evaluated at examination), pathological hyperreflexia (defined as Institute of Neurological Diseases and Stroke myotatic reflex scale31
score of 4 or 5 or extensor plantar response), or a UMN paresis (Medical Research Council
paresis grade of no greater than 4).32 We classified patients as having asymmetry if, for any
affected body region, spasticity (modified Ashworth Scale score of ≥2), paresis (Medical
Research Council paresis grade of ≤4), or dexterity loss were only present unilaterally.
Functional impairment was assessed using the Amyotrophic Lateral Sclerosis Functional
Rating Scale.33
At inclusion, patients underwent standardized needle-EMG of 3 muscles per limb and
2 thoracic and 3 bulbar muscles, with the findings interpreted according to the revised
El Escorial criteria.26 Diagnosis of probable laboratory-supported ALS according to the
revised El Escorial criteria requires that at least 2 regions fulfill the EMG criteria. Results
of leg SSEP studies were available for 33 patients, and the results were classified as normal
or abnormal.
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Statistical Analysis
Differences between groups were tested using Pearson χ2 and Fisher exact test. We used
the Kruskal-Wallis test and Mann-Whitney tests to evaluate differences in the case of
nonnormal distribution of values. Statistical analysis was performed by one of us (F.B.).

Results
Patient characteristics
The medical files of 182 eligible patients were screened for this study. Of these, 23 were unable
or unwilling to participate, and 55 were excluded on the basis of inclusion and exclusion
criteria. In 14 of the remaining 104 patients, a pathogenic mutation of the spastin (SPG4)
or paraplegin (SPG7) gene was found (7 with SPG4 and 7 with SPG7 mutations).22,23 In
the 14 patients with the SPG4 or SPG7 mutation, 13 had a typical pure HSP phenotype
with only leg involvement, and 1 patient with the SPG7 mutation also developed UMN
symptoms of the arms (arm hyperreflexia associated with loss of dexterity) after 1 year.
Of the other 90 patients, 39 had a phenotype similar to typical pure HSP (involvement of
the legs only), 36 had bulbar region involvement suggestive of PLS, and 15 patients had a
phenotype that was difficult to classify as being similar to HSP or suggestive of PLS (UMN
involvement of arms and legs). Of the 36 patients with bulbar region involvement, 28 also
had symptoms in the arms and legs, 2 patients in the legs, and 2 in the arms. The patients’
characteristics are presented in Table 1.
Value of clinical characteristics for identification of HSP
The pattern of disease progression in the 14 patients with the SPG4 or SPG7 mutation and
the other 90 patients with a sporadic UMN syndrome is shown in Table 2. All 14 patients
with the SPG4 or SPG7 mutation and 78 of the other patients with sporadic UMN disease
(87%) had symptom onset in the legs. Of the 36 patients with bulbar region symptoms, 25
had symptom onset in the legs. The Figure shows the time from onset of leg symptoms (HSP
phenotype) to development of bulbar region symptoms (PLS phenotype) in these patients.
More than half of these patients developed bulbar region symptoms within 5 years, which
may be an underestimation because disease duration for some patients was only 3 years.
However, the time range was broad, and one patient even developed a PLS phenotype after
18 years. It is therefore possible that the patients in our study with a sporadic UMN disease
and only leg involvement may still develop bulbar region symptoms, even after a relatively
long disease duration. Because previous studies used clinical characteristics such as age at
onset before age 40 years,10 evidence of mild dorsal column impairment,1 and symptoms
of urinary urgency1,5 to separate HSP from PLS, we compared the frequency of these and
other clinical characteristics in the 14 patients with the SPG4 or SPG7 mutation with
those of the other 90 patients with UMN disease and with those of the 36 patients with
at least bulbar region symptoms (Table 1). A significant difference was found only for age
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9 (3-30)

6 (43)

2 (14)

5 (36)

0

0

0

0

Disease duration, median (range), y

Symptoms of urinary urgency, No. (%)

Decreased vibratory sense, No. (%)

Unilateral symptom onset, No. (%)

Asymmetry at examination, No. (%)

Unilateral at examination, No. (%)

Fasciculation, No. (%)

Mild focal atrophy, No. (%)

14 (100)

Leg

39 (29-69)

0

Arm

Age at onset, median (range), y

0

6 (43)

Bulbar

Site of onset, No. (%)

Male, No. (%)

(n=14)

Patients with SPG4 or
SPG7 mutation

a

8 (9)

8 (9)

5 (6)

19 (21)

48 (53)

8 (9)

33 (37)

6 (3-29)

49 (18-76)

78 (87)

4 (4)

8 (9)

56 (62)

(n=90)

All patients

3 (8)

1 (3)

2 (5)

7 (18)

18 (46)

6 (15)

10 (26)

0

1 (7)

3 (20)

8 (53)

11 (73)

1 (7)

4 (27)

6 (3-15)

42 (20-62)

48 (18-66)
7 (3-29)

14 (93)

1 (7)

9 (60)

(n=15)

Arm and leg involvement

39 (100)

0

0

24 (62)

(n=39)

Leg involvement only

Patients without SPG4 or SPG7 mutation

4 (11)

7 (19)

0

4 (11)

19 (53)

1 (3)

19 (53)

7 (3-24)

52 (32-76)

25 (69)

3 (8)

8 (22)

23 (64)

(n=36)

Bulbar region involvement

Table 1. Comparison of clinical characteristics between patients with the SPG4 or SPG7 mutation and the remaining patients with an apparently sporadic adult-onset UMN
syndrome.
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6 (55)

Normal, No. (%)

32 (13-38)

16 (57)

28

36 (50)
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34 (26-38)

9 (64)

14

13 (42)

31

31 (24-37)

3 (100)

25 (13-36)

4 (36)

11

15 (54)

7 (64)

3

28

11

UMN = upper motor neuron; Asymmetry = fulfilling our definition of ‘asymmetry’ (see text); EMG = needle electromyography; SSEP = somatosensory evoked potentials;
ALSFRS = ALS functional rating scale. aStatistical significance compared to the patients with the SPG4 or SPG7 mutation: p = 0.01.

33 (27-37)

2 (40)

Normal, No. (%)

ALSFRS score, median (range)

5

No.
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11
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Table 1. Continued.
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Time from disease onset, y
Figure. Kaplan-Meier curve illustrating that the 25 patients who had disease onset in legs and who eventually
developed bulbar region involvement had a phenotype consistent with hereditary spastic paraparesis (leg
involvement only, or at most, also of the arms) for up to 18 years (median duration, 4 years).

at onset (younger in patients with the SPG4 or SPG7 mutation compared with all patients
without the SPG4 or SPG7 mutation [P = 0.01] and with the patients with bulbar region
involvement [PLS phenotype] [P = 0.002]). There were no significant differences in clinical
features between patients with the SPG4 or SPG7 mutation and the patients with the PLS
phenotype. The range of age at onset, however, was similar in patients with the SPG4 or
SPG7 mutation (29-69 years), in all other patients with UMN disease (18-76 years), and in
patients with at least bulbar region involvement (32-76 years). Six of the 14 patients with
the SPG4 or SPG7 mutation had symptoms at 40 years or older, and 3 of the 36 patients
with at least bulbar region symptoms had onset before age 40 years. Evidence of mild
dorsal column impairment (decreased vibratory sense, or abnormal leg SSEP), symptoms of
urinary urgency, and mild EMG abnormalities were present in the patients with the SPG4
or SPG7 mutation and in the patients with the PLS phenotype.
Four patients had symptom onset in the arms; of these, 3 developed bulbar region symptoms
(Table 2). Eight patients had onset in the bulbar region that progressed in various patterns
to the arms or legs in 6.
Four of the 25 patients with symptom onset in the legs who developed bulbar region
symptoms showed an asymmetrical pattern of progression, with only 1 leg being affected
before symptoms progressed to the arms or bulbar region. This pattern of asymmetric progression was also seen in 4 of 16 patients with involvement of only the arms and legs, but
not in the 14 patients with the SPG4 or SPG7 mutation.
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Table 2. Pattern of disease progression in 104 patients with an apparently sporadic adult-onset UMN
syndrome.

Progression

Patients with SPG4
or SPG7 mutation

All other patients

(n = 14)

(n = 90)

13

39

1

5

Leg involvement only (n = 52)
Leg(s) only
Arm and leg involvement (n = 16)
Legs → arms
Legs → right arm

1

Legs → left arm

4

Right leg → right arm → left leg → left arm

1

Right leg → right arm

1

Left leg → left arm

2

Right arm → legs → left arm

1

Bulbar region involvement (n = 36)
Legs → arms → bulbar

13

Legs → bulbar → arms

5

Legs → bulbar

2

Legs → left arm → bulbar → right arm

1

Left leg → left arm → right leg → right arm → bulbar

1

Right leg → bulbar → left leg → arms

1

Right leg → bulbar

1

Right leg → right arm → left leg → bulbar

1

Arms → bulbar → legs

1

Arms → bulbar

1

Left arm → legs → right arm → bulbar

1

Bulbar → arms → legs

2

Bulbar → left arm

1

Bulbar → legs → arms

1

Bulbar → legs

1

Bulbar → right arm and leg → left arm and leg

1

Bulbar only

2

UMN = upper motor neuron. Numbers represent numbers of patients. Right and left limbs are shown separately only if symptoms spread to another body region first before onset of symptoms in the contralateral limb.
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Comment
Differentiation between HSP and PLS is important for genetic counseling of family
members and for the patients’ prognosis because HSP generally has a more favorable
prognosis than PLS.1 Furthermore, progression to ALS, as may occur in PLS, 24 is not to be
expected in HSP. Previous studies used several clinical and laboratory features, such as age
at onset before age 40 years,10 evidence of mild dorsal column impairment (eg, decreased
vibratory sensation in the distal legs or abnormal leg SSEPs),1 and symptoms of urinary
urgency1,5; however, the appropriateness of these criteria has yet to be validated. For that
reason, we compared the presence of these features in a large cohort of patients with an apparently sporadic adult-onset UMN syndrome that consists of patients who had genetically
proved (the SPG4 or SPG7 mutation) HSP (subtype 1), a phenotype similar to typical pure
HSP (involvement of the legs only) (subtype 2), a phenotype (involvement of arms and legs)
that was difficult to classify as being similar to HSP or suggestive of PLS (subtype 3), or
bulbar region involvement suggestive of PLS (subtype 4). The main objective of our study
was to investigate whether clinical or laboratory features are useful to differentiate between
patients in subtypes 1 and 4, who have the most definite diagnosis of HSP or PLS. Our
results demonstrate that these features are not useful in clinical practice for distinguishing HSP from PLS in the individual patient. There was substantial overlap in age at onset
between phenotypes: the youngest onset in our study occurred in a patient with a PLS
phenotype at 32 years, and it was even younger (23 and 26 years) in other PLS studies,8,34
whereas 6 patients with the SPG4 or SPG7 mutation had onset at 40 years or older; the
oldest onset was 69 years. Symptoms of urinary urgency, previously considered atypical
for PLS,5 were even more frequent in our patients with bulbar region involvement (53%)
compared with patients with the SPG4 and SPG7 mutation (43%) and were also reported
in more recent PLS series.8,9 Signs of mild dorsal column impairment (decreased vibratory
sensation in the distal legs or abnormal leg SSEPs), considered indicative of a diagnosis of
HSP instead of PLS in a previous study,1 were also found in patients with a phenotype suggestive of PLS (bulbar region involvement) in our study, which confirms several previous
PLS studies.8,34 Because 3 of our 7 patients with the SPG7 mutation (and none of the other
patients) developed cerebellar involvement during follow-up, its appearance could be an
important clinical clue for SPG7 mutation as a cause in apparently sporadic UMN syndromes.23
Although the number of patients with genetically confirmed HSP included in our study
was relatively low, we chose to use only those HSP patients with a sporadic presentation
because familial HSP patients may present with different clinical features. HSP was genetically confirmed in 14 of 104 patients (7 with the SPG4 and 7 with the SPG7 mutation). We
tested only the SPG4 and SPG7 genes to identify patients with genetically proved HSP, but
more extensive testing would have identified only a relatively small number of additional
patients from subtypes 2 and 3, described in the following paragraphs. More importantly,
a more extensive screen for HSP genes would not have influenced our main conclusion
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that features that have been considered indicative of HSP (onset at <40 years, mild dorsal
column involvement, and urinary urgency) appear not to exclude PLS and that onset at 40
years or older is not uncommon in apparently sporadic HSP.
Genetic testing is the only reliable way to differentiate HSP from PLS in patients with apparently sporadic adult-onset UMN syndromes, at least for those who have symptom onset
in the legs. More than 30 genetic loci and 15 of the responsible genes have been identified
for autosomal dominant, autosomal recessive, and X-linked forms of HSP.14-21 Mutation
of SPG4, the most common cause of autosomal dominant HSP (in approximately 40%),
is a frequent cause of apparently sporadic spastic paraparesis (12%-13%). 22,35 Mutations of
SPG7, previously reported in 1.5 to 6% of autosomal recessive cases of HSP, are an additional frequent cause of sporadic HSP (13% in this series).23 The role of the other known
HSP genes in patients with apparently sporadic disease is largely unknown. The atlastin
gene (SPG3A) mutation is the second most common cause of autosomal dominant HSP
(around 10%) but is mostly associated with infantile or childhood onset, although patients
with adult onset have been reported.36 Mutations in the novel mitochondrial protein
REEP1 (REEP1) accounted for 6.5% of an unselected HSP population in a study,17 whereas
another study37 detected REEP1 mutations in 3% of a clinically mixed sample of patients
with pure and complicated HSP, including 2 of 119 patients with sporadic disease (1.7%;
only 1 patient with adult-onset HSP). The ZFYVE27 (SPG33) gene was mutated in 1 of 43
patients with autosomal dominant HSP in 1 study.18 Mutations in the NIPA1 gene (SPG6)
are a rare cause of autosomal dominant HSP in Europe (<1%).38 The remaining known
HSP genes are associated with complicated forms of HSP or probably each account for less
than 1% of HSP cases. Males with proteolipid protein mutations (SPG2) are excluded, in
part on the basis of the MRI criteria because many SPG2 patients have MRI changes, but
in addition on the basis of our age-at-onset criterion because the SPG2 is associated with
early onset.39 We believe that the SPG11 mutation is practically excluded in our patients
because it seems to be rare in sporadic disease and is associated with a thin corpus callosum,
which was not seen in our patients.40
The patients with the SPG4 or SPG7 mutation all presented with UMN symptoms in the
legs and that progressed to the arms in only 1 patient. Most patients (87%) without the
SPG4 or SPG7 mutation initially presented with similar symptoms to the patients with the
SPG4 or SPG7 mutation. We showed that bulbar region UMN symptoms may start many
years after symptom onset in the legs (≤18 years), so there can be a long period during which
PLS and (apparently sporadic) HSP are clinically similar. We considered the presence
of bulbar region symptoms to be part of the PLS phenotype. Although we cannot fully
rule out the possibility that genes will be discovered in patients with an HSP phenotype
who develop bulbar region symptoms, the absence of bulbar region symptoms in adultonset familial HSP makes this unlikely. Only 1 family was reported to have an autosomal
dominant adult-onset UMN disease resembling typical PLS associated with a locus on
chromosome 4p (PLS1).41,42 The autosomal recessive UMN diseases associated with alsin
(ALS2) mutations, which typically progress to the arms and the bulbar region, seem to be
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limited to early-onset forms, described as juvenile PLS, infantile ascending HSP, and, if
associated with lower motor neuron involvement, juvenile ALS.43
Some features may support a diagnosis of PLS, such as an onset of disease in arms or the
bulbar region and development of bulbar region symptoms or marked asymmetry during
the disease course. The presence of mild focal atrophy or fasciculation may also support a
diagnosis of PLS, but these were not frequently found in our study, so this requires confirmation in future larger studies. Development of UMN symptoms in the arms after disease
onset in the legs usually supports a diagnosis of PLS but does not exclude HSP, because arm
involvement was seen in 1 of our patients with the SPG7 mutation and was also reported
previously in other patients with genetically confirmed HSP.25,44 Despite our finding that
unilateral symptom onset was common in patients with (36%) and without (53%) the SPG4
or SPG7 mutation, marked asymmetry at clinical evaluation was not seen in our patients
with the SPG4 or SPG7 mutation. Although current diagnostic criteria for PLS require
”symmetrical distribution of symptoms”,5 we and others found that such asymmetry may
indeed be indicative of PLS.8,9 This should be verified in large prospective studies.

Conclusions
In patients with an apparently sporadic adult-onset UMN syndrome and symptom onset in
the legs, differentiation of sporadic presentations of HSP from PLS based on clinical characteristics is unreliable and therefore depends on genetic test results. Disease onset in the
arms or bulbar region, development of bulbar region involvement, or marked asymmetry
during the disease course may support a diagnosis of PLS. New and more widely available
genetic testing possibilities for HSP would be beneficial for patients with apparently sporadic
UMN syndromes because HSP generally has a more favorable prognosis than PLS.
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Abstract
Background: Primary lateral sclerosis (PLS) is a diagnosis of exclusion in sporadic patients
with an adult-onset upper motor neuron (UMN) syndrome and may be part of the
spectrum of amyotrophic lateral sclerosis (ALS). Differentiation of sporadic presentation
of hereditary spastic paraparesis (HSP) from PLS is important for the patient’s prognosis
but may be problematic. We designed new diagnostic criteria for PLS, incorporating levels
of certainty of diagnosis of PLS instead of HSP. To study the significance in PLS, mild
lower motor neuron (LMN) signs, bladder symptoms due to UMN dysfunction, and any
adult onset age were allowed.
Methods: To validate our criteria, 89 patients with a sporadic adult-onset UMN syndrome
were included in a 3-year prospective study. Patients with disease duration ≥4 years were
classified as typical PLS (UMN signs in at least the bulbar region, n=25), probable PLS
(UMN signs in arms and legs, n= 13), or possible PLS (UMN signs only in legs, n=30), and
those with duration <4 years as undetermined UMN syndrome (n=21).
Findings: Classifying patients with a disease duration ≥4 years according to our criteria
differentiates PLS from HSP in levels of certainty (p<0.001): after follow-up all typical PLS
patients remained typical PLS (92%) or had developed ALS (8%), whereas 38% of ‘probable
PLS’ developed typical PLS (n=3) or ALS (n=2), and 17% of possible PLS developed typical
PLS. Disease duration <4 years and a higher rate of functional decline prior to inclusion,
but not mild LMN signs, was associated with faster progression, shorter survival, and conversion to rapidly progressive ALS.
Interpretation: These new PLS diagnostic criteria help to provide a more accurate
diagnosis in patients with sporadic UMN degeneration, which is important for patients
and for future research.
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Introduction
Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with a sporadic adultonset upper motor neuron (UMN) syndrome.1 Since the first descriptions in the late 19th
century2,3 it has been debated whether PLS represents a separate disease entity, a variant of
amyotrophic lateral sclerosis (ALS), a sporadic presentation of hereditary spastic paraparesis (HSP), or a collection of neurodegenerative and acquired diseases.4-8 In 1992, Pringle et
al. proposed criteria for diagnosis of PLS that included modern diagnostic testing, based on
their observation in 8 patients (Panel 1).9 PLS was described as a sporadic disorder of progressive spinobulbar spasticity with mostly spinal and occasionally bulbar region onset.
Panel 1. Proposed diagnostic criteria for PLS by Pringle et al. in 1992.
Clinical
• Insidious onset of spastic paresis, usually beginning in the lower extremities, but occasionally bulbar or
in an upper extremity
• Adult onset; usually fifth decade or later
• Absence of family history
• Gradually progressive course
• Duration ≥3 years
• Clinical findings limited to those usually associated with corticospinal dysfunction
• Symmetric distribution, ultimately developing severe spastic spinobulbar paresis
Laboratory studies to help exclude other diseases
• Normal serum chemistries, including normal vitamin B12 levels
• Negative serologic tests for syphilis; in endemic areas, negative Lyme and HTLV-1 serologies
• Normal cerebrospinal fluid parameters, including absence of oligoclonal bands
• Absent denervation potentials on EMG or at most, occasional fibrillation and increased insertional
activity in a few muscles (late and minor)
• Absence of high-signal lesions on MRI similar to those seen in multiple sclerosis
Additionally suggestive of PLS
• Preserved bladder function
• Absent or very prolonged latency on cortical motor evoked responses in the presence of normal peripheral stimulus-evoked maximal compound muscle action potentials
• Focal atrophy of preentral gyrus on MRI
• Decreased glucose consumption in pericentral region on PET scan
PLS = primary lateral sclerosis. HTLV-1 = human T-cell lymphocytotrophic virus-1. ��������������������
MRI = magnetic reso�����
nance imaging. PET = positron emission tomography.
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HSP is a clinically and genetically heterogeneous group of disorders characterized by a
slowly progressive spastic paraparesis. To date, 17 genes and more than 20 additional loci
have been identified for autosomal dominant, autosomal recessive, and X-linked forms of
HSP. 10 To exclude HSP, the diagnostic criteria for PLS proposed by Pringle et al. require
absence of a family history.9 However, it is increasingly recognized that the apparently
sporadic occurrence of HSP is not uncommon, and mutations of the spastin (SPG4) and
paraplegin (SPG7) genes are a frequent cause.11-13
Differentiation between HSP and PLS is important for genetic counseling of family members
and for the patients’ prognosis because HSP generally has a more favorable prognosis.11 Furthermore, progression to ALS, as may occur in PLS,14-16 is not expected in HSP. To separate
apparently sporadic HSP from PLS, previous studies used several clinical features, such as
an age at onset <40 years, evidence of mild dorsal column impairment such as decreased
vibratory sensation in the distal legs or abnormal leg somatosensory evoked potentials, and
symptoms of urinary urgency.9,11,16,17 However, our group and others, recently showed that
these clinical features are similarly present in both patient groups and are therefore not
useful in clinical practice for distinguishing HSP from PLS.13
Recent patient series provided new insights in the clinical phenotype of PLS but also
showed major inconsistencies across studies. One of these concerns the presence of mild
clinical or electrophysiological lower motor neuron (LMN) signs in PLS and the differentiation from ALS. Many authors accepted mild focal amyotrophy, mostly of the interosseus
muscles of the hands or of the anterior tibial or calf muscles, or fasciculation, or electrophysiological LMN signs not fulfilling EMG criteria for probable-laboratory supported
ALS18 in PLS because these mostly remained mild and focal while the patients continued
to progress slowly.9,15,19,20 However, other authors excluded patients with any LMN sign
from a diagnosis of PLS.16,17,21 One study labeled patients with mild LMN signs as ‘UMNdominant ALS’ and found more disability and faster disease progression in these patients
compared to those with pure UMN symptoms.16,17
Another inconsistency across studies is whether involvement of the bulbar region was
necessary to be included in a PLS cohort study. Symptomatic UMN involvement of the
arms usually supports a diagnosis of PLS but does not exclude HSP, because arm involvement has been reported in patients with genetically confirmed HSP.13,22 On the other hand,
PLS may present with a slowly progressive spastic paraparesis of the legs, similar to the
typical HSP phenotype, for many years before the onset of symptoms in the arms or bulbar
region 11,21,23. Some previous PLS series included also patients with UMN signs only in the
legs, or at most also in the arms15,21 or did not specify which body regions were affected,16,19,24
whereas other studies strictly included patients with symptoms in the bulbar region. 20
Validated diagnostic criteria that provide a more precise and meaningful diagnosis in
patients presenting with UMN degeneration are important for patients (genetic counselling, prognostication) and for future research (more homogeneous clinical groups for
inclusion in etiological studies and clinical trials). Based on the most recent literature on
PLS and our previous studies in a large cohort of patients with a sporadic upper motor
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Panel 2. New proposed diagnostic criteria for PLS.
Requirements for the diagnosis
• Presence of:
• Gradually progressive UMN syndrome
• Adult onset
• Absence of:
• LMN signs*
• Sensory signs on examination
• Family history of HSP#
• Additional neuroimaging and laboratory findings that allow diagnosis of another condition
• EMG findings fulfilling revised El Escorial criteria for probable laboratory-supported ALS
• Genetic defect of HSP gene if phenotype overlaps with HSP
Levels of certainty of the clinical diagnosis of PLS
• Clinically Typical PLS
• Presence of UMN signs in at least the bulbar region (duration ≥4 years)
• Clinically Probable PLS
• Presence of UMN signs in arms and legs (duration ≥4 years)
• Clinically Possible PLS
• Presence of UMN signs in legs only (duration ≥4 years)
• Undetermined UMN syndrome
• Presence of UMN signs in bulbar or spinal regions (duration <4 years)
Other classifications of PLS
• PLS Plus Syndromes
• PLS presents in association with clinical features of other neurological diseases which develop in
addition to the PLS phenotype, e.g. extra-pyramidal features or dementia.
PLS = primary lateral sclerosis. UMN = upper motor neuron. *LMN signs = clinical LMN signs more than
mild focal amyotrophy of the interosseus muscles of the hands or of the anterior tibial or calf muscles, or
fasciculation. #Negative family history does not exclude HSP and rarely PLS may be a phenotypic manifestation of familial ALS,34 or very rarely of familial PLS.35 HSP = hereditary spastic paraparesis. UMN signs
in bulbar region = pseudobulbar dysarthria. UMN signs in legs or arms = evident hypertonia (defined
as modified Ashworth scale score ≥2), obvious dexterity loss due to spasticity, pathological hyperreflexia
(defined as NINDS reflex scale score 4 or 5 or extensor plantar response) or UMN weakness.
Additional investigations include: MRI of brain and spinal cord; CSF studies, serum biochemistry, serum
copper, vitamin B12 and E, TSH, plasma VLCFAs; urine biliary alcohols; serology for lues, borrelia,
HTLV1 and HIV.

neuron syndrome, we designed new PLS diagnostic criteria (Panel 2). All patients with
a disease duration <4 years were classified as undetermined UMN syndrome, based on a
previous study that showed that 4 instead of 3 years may be safer to exclude ALS.16 We hypothesized that the distribution of UMN symptoms across the different body regions may
determine the probability of diagnosis of PLS instead of (sporadic) HSP,11,23 and therefore
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classified patients with a disease duration of ≥4 years as having possible PLS if UMN signs
were present only in legs, as probable PLS if UMN signs were present in arms and legs, and
as typical PLS if UMN signs were present in at least the bulbar region. We avoided the
term definite PLS for the most certain PLS diagnostic classification, and used typical PLS
instead, because PLS may convert to ALS even after many years.14-16 Due to new insights
and inconsistencies between studies and to study its significance in PLS, we allowed mild
clinical (mild focal amyotrophy of the interosseus muscles of the hands, or of the anterior
tibial or calf muscles, or fasciculation) or electrophysiological (not fulfilling EMG criteria
for probable-laboratory supported ALS18) LMN signs, bladder symptoms due to UMN
dysfunction, asymmetrical symptom distribution, and any adult onset age. To validate our
proposed new PLS diagnostic criteria, we performed a 3-year prospective study in a large
cohort of patients with a sporadic adult-onset UMN syndrome.

Methods
Patients
Between November 2002 and March 2005, all Dutch neurologists were asked to enroll
patients with an apparently sporadic adult-onset idiopathic UMN syndrome. In addition,
one large referral center for patients with motor neuron disease in Leuven, Belgium,
participated. The study protocol was approved by the medical ethics review board of the
University Medical Center Utrecht and written informed consent was obtained from each
patient.
Inclusion criteria were: a gradually progressive UMN syndrome, adult onset (18 years or
older) and disease duration of at least 6 months. Exclusion criteria were: a positive family
history, clinical LMN signs (except mild focal amyotrophy of the interosseus muscles of the
hands, or of the anterior tibial or calf muscles, or fasciculation), electrophysiological LMN
signs fulfilling revised El Escorial criteria for probable laboratory-supported ALS18, cerebellar or extrapyramidal signs, sensory signs (except decreased distal vibration sensation),
and other causes of UMN loss. Additional laboratory investigations performed to rule out
other causes are shown in the Panel. Diagnostic MRI white matter changes, for example
abnormalities suggestive of demyelinating disorders or leukodystrophy, and presence of a
thin corpus callosum were not allowed. Patients who had cerebrospinal fluid abnormalities were excluded if there were additional findings sufficient to diagnose other conditions,
such as multiple sclerosis (MS). DNA analysis of the spastin gene (SPG4),12 paraplegin gene
(SPG7),13 and BSCL2 gene (SPG17)25 was performed in all patients. ALS2 mutations, associated with juvenile forms of ALS and PLS, were excluded in 47 of the included patients
(predominantly those who had also bulbar region or arm UMN symptoms). 26
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Study design
At inclusion and at the follow-up visits, all patients were re-examined by the first author (FB)
supervised by LHvdB or JW, who are experienced neuromuscular specialists. Follow-up
visits were scheduled at 9-month intervals during 3 years for each patient, comprising a total
of 5 evaluations including the inclusion visit. Thereafter, patients were further followed-up
for at least survival status, which was last verified for all patients at December 24, 2008.
Clinical evaluation
Clinical evaluation at each visit included history, neurological examination, and assessment of functional status using the amyotrophic lateral sclerosis functional rating scale
(ALSFRS).27 At visit 1 (inclusion visit), visit 3 (18 months) and visit 5 (36 months), a standardized needle-EMG of 3 muscles per limb, 2 thoracic and 3 bulbar muscles was scheduled,
interpreted according to the revised El Escorial criteria.18
The bulbar region was considered affected if there was pseudobulbar dysarthria. The arms
and legs were considered affected if there was at least one of the following findings on
neurological examination: spasticity (defined as a modified Ashworth scale28 score ≥ 2),
obvious loss of dexterity due to spasticity (evaluated at examination), pathological hyperreflexia (defined as Institute of Neurological Diseases and Stroke myotatic reflex scale29
score 4 or 5 or extensor plantar response), or UMN paresis ≤ Medical Research Council30
grade 4. To quantify disease progression prior to inclusion we calculated the ‘ALSFRS-rate’
(defined as number of points lost, prior to inclusion, on the ALSFRS, divided by disease
duration in years).
Statistical analysis
For validation of the proposed diagnostic criteria, we regarded those patients as having PLS
(and definitely not HSP) who had an idiopathic UMN syndrome with at least symptoms in
the bulbar region (typical PLS according to our proposed criteria), or an UMN syndrome
that evolved into ALS after a disease duration of ≥4 years. Differences in clinical characteristics at inclusion between groups were tested using the Pearson chi square test, Fisher exact
test, independent samples T-test and Mann-Whitney test. To estimate the rate of decline
during follow-up of functional status (ALSFRS), the longitudinal data were fitted by
maximum likelihood using linear mixed-effects models. Kaplan-Meier methods, log-rank
tests and Cox regression were used to study survival data.

Results
Patient inclusion
The medical files of 182 eligible patients were screened for this study. Of these, 63 were
excluded after study of medical files and enquiries by telephone and 30 were excluded
after initial clinical evaluation. Reasons for exclusion are shown in Table 1. The remaining
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Table 1. Reasons for exclusion of 93 patients.
Unable or unwilling to participate

25

Family history suggestive of hereditary spastic paraparesis

12

Mutation of the spastin gene (SPG4)

7

Mutation of the paraplegin gene (SPG7)

8

Diagnosis of ALS, after initial diagnosis of PLS

11

Family history suggestive of familial ALS

2

Absence of objective upper motor signs

6

Disease onset < age 18

6

Extrapyramidal or major sensory signs

5

Focal myelopathy

3

Death

4

Primary progressive multiple sclerosis

2

Vitamin B12 deficiency

1

Causative intracranial tumour

1

Data are number of patients. ALS = amyotrophic lateral sclerosis. PLS = primary lateral sclerosis.

89 patients were included in the prospective study and were classified according to our
proposed PLS criteria. Table 2 shows the clinical characteristics at inclusion.
Change of diagnosis during follow-up
In 2 patients (1 possible PLS, 1 probable PLS) the diagnosis changed to HSP after family
members became affected, and 1 patient was diagnosed with corticobasal degeneration
(CBD) when, following 5 years of isolated UMN symptoms in one leg, he developed progressive asymmetrical spasticity of all limbs, sensory signs, dystonia, cognitive dysfunction,
and SPECT abnormalities supporting CBD.
Change of PLS classification during follow-up
All surviving patients completed the study protocol (mean follow-up = 3.0 years, 95% CI
2.9-3.2). Of the 25 patients who were classified as typical PLS at inclusion, the classification remained unchanged in 23 (92%) and in 2 patients ALS was diagnosed (Table 3). In
the 13 patients who were classified as probable PLS at inclusion, the classification changed
in 5 (38%) patients to typical PLS (3 patients) or ALS (2 patients). In the 30 patients with
possible PLS, the classification changed in 5 (17%) patients to typical PLS and in none to
ALS.
In this follow-up study, classifying patients with a non-familial UMN syndrome and a
disease duration >4 years according to our proposed criteria for PLS was able to differentiate PLS from HSP in levels of certainty (p<0.001 by the Pearson chi-square test).
Of the 21 patients with a disease duration <4 years at inclusion, classified as ‘undetermined
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Table 2. Clinical characteristics at inclusion of 89 included patients with a sporadic adult-onset upper motor
neuron syndrome, classified according to the proposed new PLS diagnostic criteria.
Typical PLS
(≥4 years, bulbar
region affected)
(n=25)

Probable PLS
(≥4 years,
arms and legs)
(n=13)

Possible PLS
(≥4 years, legs
only)
(n=30)

Undetermined

Males

15 (60%)

7 (54%)

19 (63%)

13 (62%)

Duration (years)

11 (4-24)

6 (4-15)

7 (4-29)

3 (0.5-4)

Age at onset (years)

50 (32-66)

42 (20-62)

46.5 (28-62)

60 (18-76)

Bulbar region

4 (16%)

..

..

5 (24%)

Arm

..

1 (8%)

..

3 (14%)

Leg

21 (84%)

12 (92%)

30 (100%)

13 (62%)

Bulbar region

25 (100%)

..

..

11 (52%)

Arms

22 (88%)

13 (100%)

..

8 (38%)

Legs

24 (96%)

13 (100%)

30 (100%)

18 (86%)

Clinical

7 (28%)

1 (8%)

4 (13%)

3 (14%)

On EMG

15 (60%)

5 (38%)

13 (43%)

9 (43%)

ALSFRS

25 (13-33)

31 (24-36)

34 (26-38)

35 (22-38)

ALSFRS rate prior to inclusion

1.4 (0.5-3.5)

1.1 (0.5-2.8)

0.6 (0.2-2.3)

2.9 (0.6-8.6)

(<4 years)
(n=21)

Onset site

Affected body regions at
inclusion

Mild lower motor neuron
signs

Data are number (%) or median (range). PLS = primary lateral sclerosis. LMN = lower motor neuron. Clini������
cal mild LMN signs = at most mild focal ������������������������������������������������������������������
amyotrophy of the interosseus muscles of the hands or of the anterior tibial or calf muscles, or fasciculation. EMG = needle electromyography. Mild LMN signs on EMG =
needle EMG abnormalities not fulfilling revised El Escorial criteria for probable laboratory-supported ALS.
ALSFRS = amyotrophic lateral sclerosis functional rating scale (maximum 40). ALSFRS rate =number of
points lost, prior to inclusion, on the ALSFRS divided by disease duration in years.

UMN syndrome, 3 patients progressed to ALS.
None of the clinical or EMG characteristics at inclusion (Table 2) was significantly associated with a classification of typical PLS or ALS after follow-up.
Conversion to ALS
At the last evaluation, 7 patients (8%) fulfilled revised El Escorial criteria for clinically
probable ALS (3 patients) or laboratory-supported ALS (4 patients).18 Clinical characteristics of these 7 patients are shown in Table 4. Progression to clinically probable ALS (clinical
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Table 3. Clinical diagnosis, at inclusion and at the last evaluation in the 89 included patients.
At inclusion

At the last evaluation

Clinical diagnosis

n(%)

Clinical diagnosis

n(%)

Typical PLS

25

Typical PLS

23 (92%)

ALS

2 (8%)

Probable PLS

13

Probable PLS

7 (54%)

Typical PLS

3 (23%)

ALS

2 (15%)

Other: HSP

1 (8%)

Possible PLS

20 (67%)

Probable PLS

3 (10%)

Typical PLS

5 (17%)

Other: HSP

1 (3%)

Other: CBD

1 (3%)

Possible PLS

5 (24%)

Probable PLS

2 (10%)

Typical PLS

11 (52%)

ALS

3 (14%)

Possible PLS

Undetermined

30

21

Data are number of patients (%). PLS = primary lateral sclerosis. ALS = amyotrophic lateral sclerosis. HSP =
hereditary spastic paraparesis. CBD = cortico-basal degeneration.

LMN signs fulfilling revised El Escorial criteria in at least 2 regions18) only occurred in 3
patients who were classified at inclusion as undetermined UMN syndrome. These 3 patients
had a rapid disease progression with relatively short survival from onset (median 2.7 years,
range 2.3-3.7). Only 1 of these 3 patients had mild EMG abnormalities at inclusion of the
study. In the other 4 patients (2 with probable PLS’ and 2 with typical PLS at inclusion),
the diagnosis of ALS was based on the EMG only (laboratory-supported ALS18), which
was performed as scheduled in our study protocol, not for clinical reasons. One of these
4 patients died (8 years after onset), whereas the other 3 patients continued to progress
relatively slowly and were still alive at the last verification, 1.3, 1.4, and 3.3 years since the
diagnosis of ALS.
PLS ‘plus’
Four patients developed additional neurological features fulfilling the definition of a PLS
‘plus’ syndrome. Of these patients, 1 (with typical PLS) developed frontotemporal dementia
(FTD) and 3 (2 with possible PLS and 1 with probable PLS) developed parkinsonism.
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Female

Male

Female

Female

Male

Female

Male

1

2

3

4

5

6

7

Typical PLS

Typical PLS

Probable PLS

Probable PLS

Undetermined

Undetermined

Undetermined

PLS diagnosis
at inclusion

Legs

Bulbar region

Legs

Arms

Legs

Legs

Bulbar region

Onset site

44

61

43

58

68

51

59

Age at
onset

11.7

5.1

5.5

4.8

2.4

0.8

0.5

Symptom duration at
inclusion

1.7

3.1

1.8

2.5

5.5

8.5

8.6

ALSFRS rate before
inclusion (points/year)

14.8

6.7

9.4

5.7

2.5

1.1

0.8

Symptom duration at
ALS diagnosis

16.2

10.0

10.7

8.0*

2.7*

3.7*

2.4*

Symptom duration at
death or last verification

Data are number of years, unless otherwise stated. PLS = primary lateral sclerosis. ALSFRS rate = points lost on amyotrophic lateral sclerosis functional rating scale (maximum
40) divided by the number of years before inclusion. ALS = amyotrophic lateral sclerosis. *Died related to the neurological disorder.

Sex

Patient

Table 4. Characteristics of the 7 patients who fulfilled (revised) El Escorial criteria for clinically probable or probable laboratory-supported ALS during follow-up
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A

B

Cumulative survival

40

ALSFRS

30

20

10

0

1.0
0.8
0.6
0.4
0.2

0

1

2

3

0

Log-rank p=0.001
0

Time since inclusion (years)

2

1

3

4

5

Time since inclusion (years)
Number at risk
Typical PLS
Probable PLS
Possible PLS
Undetermined
UMN syndrome

25
13
30
21

24
13
30
20

24
13
30
19

23
13
30
14

20
12
27
13

16
12
17
8

Figure 1. (A) Decline during follow-up of functional status (ALSFRS) and in the different PLS classifications
at inclusion, based on the mean slopes and mean intercepts calculated by linear mixed-effects modelling. (B)
Kaplan-Meier survival curve (death related to the neurological disorder) for the different PLS classifications at
inclusion.

Disease progression and survival
Figure 1A shows the decline during follow-up of functional status (ALSFRS) based on the
mean slopes and mean intercepts that were calculated by linear mixed-effects modelling,
for the different PLS classifications at inclusion. Patients with possible PLS who had relatively preserved functional status, and patients with typical PLS who had more functional
loss at inclusion, progressed relatively slowly during the follow-up period. Patients classified
at inclusion as probable PLS showed an intermediate progression, while the mean progression in patients with an undetermined UMN syndrome was relatively rapid.
Of the 19 deaths that occurred by the last verification at 24 December 2008, 15 were considered related to the neurological disorder: 4 died of ALS associated with respiratory insufficiency, 1 of CBD, and 10 of severe typical PLS (death was associated with severely
weakened condition due to combination of factors, including severe disability, nutritional
problems, and superimposed infection; 2 died as a result of euthanasia in the very end
stage of the disease). The remaining 4 deaths were considered unrelated to the neurological
disorder (3 cancer; 1 presumably cardiac sudden death). The mortality related to the neurological disorder differed among PLS classifications at inclusion (Figure 1B; p = 0.001 by
the log-rank test) and was highest in patients classified at inclusion as undetermined UMN
syndrome (43%), and typical PLS (16%).
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Table 5. Outcome (functional decline expressed as ALSFRS slope, and survival) after follow-up, of patients
with and those without mild clinical or EMG LMN signs at inclusion.
Patient classification at inclusion

Outcome

Yes

No

All patients (n=89)

ALSFRS slope

-2.4

-2.4

0.99

Died*

7/49 (14%)

8/40 (20%)

0.47

ALSFRS slope

-9.6

-6.2

0.63

Died*

4/10 (40%)

5/11 (45%)

0.71

ALSFRS slope

-0.6

-0.9

0.35

Died*

3/39 (8%)

3/29 (10%)

0.72

Undetermined UMN syndrome (n=21)
Possible, Probable and Typical PLS (n=68)

Mild clinical or EMG LMN
signs at inclusion

P

Data are number (%) or mean. EMG = electromyography. LMN = lower motor neuron. Clinical mild LMN
signs = at most mild focal amyotrophy ofthe interosseus muscles of the hands or of the anterior tibial or calf
muscles, or fasciculation. EMG mild LMN signs = needle EMG abnormalities not fulfilling revised El Escorial criteria for probable laboratory-supported amyotrophic lateral sclerosis. ALSFRS = amyotrophic lateral
sclerosis functional rating scale. *Died related to the neurological disorder by the last verification at December
24th, 2008 (p = log-rank p).

As it was previously reported that patients with an UMN disorder associated with mild
clinical or EMG LMN signs have more disability and shorter survival than those with a
pure UMN disorder,16 we compared the ALSFRS slope and survival in patients with and
without mild clinical or EMG LMN signs at inclusion, but found no significant differences
(Table 5). If all clinical and EMG characteristics at inclusion were analyzed, the only characteristic that showed significant association with more rapid functional decline during
follow-up and shorter survival was a higher rate of functional decline prior to inclusion
expressed as the ALSFRS-rate (median 1.1, range 0.2-8.6, n= 89). This finding was consistent if analyzed in all 89 patients, in only the 21 patients with an undetermined UMN
syndrome, and in only the 68 patients with possible PLS, probable PLS or typical PLS (all
p-values <0.005 in linear mixed-effects modelling and Cox regression).

Discussion
In a 3-year prospective study of a large cohort of patients with a sporadic adult-onset UMN
syndrome, we validated our proposed new clinical diagnostic criteria for PLS that incorporate different levels of certainty of diagnosis of PLS instead of HSP, based on the distribution of UMN symptoms over body regions. We found that the proportion of patients
with typical PLS or ALS after follow-up was 17% in possible PLS, 38% in probable PLS
and 100% in typical PLS. Importantly, a disease duration of <4 years, classified as undetermined UMN syndrome, was associated with more rapid disease progression, shorter
survival, and conversion to ALS. Mild clinical or EMG LMN signs (within the limits of
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our criteria), or any of the other clinical characteristics (bladder symptoms, age at onset)
was not associated with change in diagnosis or PLS classification during follow-up, or with
a difference in disease progression or survival.
Since Pringle et al. proposed their PLS criteria in 1992,9 several patient series were reported
that provided new insights, and adjusted criteria were put forward that, however, were not
validated in prospective studies.1,14-17,19-21,24 To avoid overlap with HSP, one group required
an age at onset after 40 in PLS.16,17 However, we and others showed that a diagnosis of
PLS may be allowed at any adult age as the onset of HSP may be after the age of 40 and
symptoms of typical PLS may start well before the age of 40: the earliest onset was 32 years
in our study, and was 23 and 26 in other PLS studies. 23 Importantly, previously proposed
PLS criteria did not take into account the distribution of UMN symptoms over different
body regions which appeared to be a major determinant of developing a PLS phenotype in
our study. PLS studies that also included patients without bulbar region involvement, may
be biased towards less disability, slower progression, and prolonged survival because these
studies included patients who may have sporadic HSP.
Similar to the criteria proposed by Pringle et al. and the inclusion criteria used in several
other recent PLS series,9,15,19 but in contrast to adjusted PLS diagnostic criteria recently
proposed by two other groups,1,16 we permitted mild clinical or EMG LMN signs in PLS.
From results of retrospective studies it was proposed to classify patients with an UMN
syndrome and mild LMN signs as ‘UMN-dominant ALS’ because more disability, more
rapid progression, and shorter survival was observed in these patients than in those without
any LMN signs classified as ‘pure PLS’.16 In our large prospective study, however, we found
that a disease duration <4 years and rapid progression prior to inclusion, and not mild LMN
loss, was associated with worse outcome. A possible explanation for this difference in results
may be that the patients with ‘UMN-dominant ALS’ had a shorter disease duration (12.2
months) than those with ‘pure PLS’ patients (57.7 months),17 making the ‘UMN-dominant
ALS’ patients more similar to the patients classified as undetermined UMN syndrome
in our study. Another explanation may be the larger proportion of patients with bulbar
region symptoms and therefore more disability in the ‘UMN-dominant ALS’ group (87%)
compared to the ‘pure PLS’ group (22%).17 Our prospective findings show that a required
disease duration of ≥4 years for a diagnosis of PLS is meaningful and that mild LMN
signs may be allowed for clinical diagnosis of PLS. Mild LMN signs were also reported
in patients with genetically proved HSP, 23 in MS,31 and in hemiplegic stroke.32 This is in
contrast to more pronounced LMN signs, fulfilling El Escorial criteria for probable (laboratory-supported) ALS, that should alert physicians that the disease converts to ALS even
after many years.14,15 For that reason we avoided the term definite PLS, and used typical
PLS instead for the most certain PLS diagnostic classification. Of the 7 patients in our
study who developed ALS, 3 with undetermined UMN syndrome at inclusion showed a
typical progressive and fatal type of ALS (median survival from onset of 2.7, range 2.3-3.7,
years). In contrast, the other 4 patients who developed ALS (with probable PLS or typical
PLS at inclusion) did so based only on EMG criteria,18 and only 1 of these 4 patients died
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(8 years after onset), while the other 3 patients continued to progress relatively slowly, indicating that the type of ALS developing in PLS with a longer disease duration may be less
aggressive. Within the diagnostic classifications disease progression still showed considerable variability. Patients who during follow-up were classified as typical PLS, but who
nevertheless showed relatively rapid progression and reduced survival, indicate that PLS
may not always be a relatively benign disorder. The single clinical characteristic at inclusion
that was significantly and consistently associated with both more rapid functional decline
during follow-up and shorter survival, was a higher rate of functional decline prior to
inclusion (ALSFRS-rate). In addition to the diagnostic classification of patients as ‘typical
PLS, probable PLS, possible PLS, or undetermined UMN syndrome, the ALSFRS-rate
(weighed against our observed median rate of 1.1 per year and range of 0.2-8.6) may help
clinicians to better estimate prognosis in individual patients.
This study and our previous study, 23 further showed that differentiation of apparently
sporadic HSP from PLS in patients classified as possible PLS and probable PLS depends
on genetic testing, which for most forms of HSP is currently not generally available.10 We
tested only the SPG4, SPG7 and SPG17 genes to identify genetically proven HSP patients,
but more extensive testing of currently known HSP genes would have identified only a
relatively small number of additional patients among those who after follow-up classified as
possible PLS or probable PLS after follow-up. The remaining currently known HSP genes
are either associated with childhood-onset or complicated forms of HSP, or probably each
account for less than 1% of HSP,10 with the exception of REEP1 mutations (reported in
3-6.5% of HSP patients).33
Patients may develop clinical features of other neurodegenerative diseases in addition to
the PLS phenotype, for which we included in our criteria the separate classification as ‘PLS
plus’. Our findings indicate that, as in ALS, FTD may develop as part of the clinico-pathological spectrum of PLS. Parkinsonism developing in association with PLS (3 patients in
our study) was reported previously,1,16 but it is not clear whether this represents a similar
pathophysiological relationship, or chance association.
The proposed criteria were not developed in an international consensus meeting which may
be considered a weakness of the study. Instead, new insights from several cohort studies
were incorporated and, importantly, validated in a large prospective study. Our proposed
criteria may help to provide a more precise and meaningful diagnosis in patients with UMN
degeneration, which is important for patients (genetic counselling, prognostication) and
for future research (more homogeneous clinical groups for inclusion in etiological studies
and clinical trials).
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Abstract
Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with progressive spinobulbar spasticity and could be part of the clinical spectrum of amyotrophic lateral sclerosis
(ALS). Unlike ALS, which is familial in 5-10% of the cases, PLS has been described as a
sporadic disorder in adults. We report two patients with PLS from unrelated SOD1-negative familial ALS families. These observations provide further evidence that PLS can be
linked pathophysiologically to ALS.
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Introduction
Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with slowly progressive
spinobulbar spasticity.1-4 PLS could be considered a clinical variant of ALS because PLS
and ALS share a similar age of onset, male predominance, and both bulbar and spinal onset
forms. Furthermore, transition of PLS to ALS can occur even after long-standing disease.5
Unlike ALS, which is familial in approximately 5-10% of the patients, PLS has been
described as a sporadic disorder in adults.1-4 A familial PLS-like disorder with infantile or
juvenile onset has been reported and is sometimes associated with alsin (ALS2) mutations.6,7
The diagnosis of PLS requires the absence of a positive family history according to proposed
clinical diagnostic criteria.1 The phenotype of patients with familial ALS (FALS) has been
described as heterogeneous, also within families, including mixed upper and lower as well
as pure lower motor neuron syndromes.8 To further broaden the clinical spectrum of FALS,
we report two patients with PLS who have a family history of FALS.

Case reports
The index patients were part of a cohort of 100 Dutch patients, who were identified after
a nation-wide search for patients with PLS to participate in a natural history study. Other
causes were excluded according to clinical diagnostic criteria.1 Direct sequencing of the
superoxide dismutase 1 (SOD1) gene revealed no mutations in either index patient. The
pedigrees are shown in the figure. Clinical features of affected individuals are summarized
in the table.

Table. Clinical characteristics of affected family members of family A and family B.
Family

Patient

Diagnosis

Onset site

Onset age, y

Disease duration, y

A

II-7

PLS /ALS

Spinal

50

32

A

II-8

PLS

Bulbar

50s

>20

A

III-9

ALS

Bulbar

31

9 (dead)

B

II-1

ALS

Spinal

71

3 (dead)

B

III-3

ALS

Bulbar

65

3 (dead)

B

III-12

ALS

Bulbar

22

6 (dead)

B

III-14

PLS

Spinal

50

12

PLS = primary lateral sclerosis, ALS = amyotrophic lateral sclerosis
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Family A

I
II

1

1

2

3

4

5

2

6

III

7
PLS/ALS

1

2

3

8
PLS

4

5

6

7

9

8

9
ALS

Family B

I

1

II
III
IV

2

7
1
ALS

1

2

1

2

3

2

3
ALS

4

5

4

5

6

6

7

8

9

10

11

3

12
ALS

13

14
PLS

15

16

Figure. Pedigrees of Family A and Family B showing patients with primary lateral sclerosis (PLS) and ALS in
the same family. Only offspring of affected family members are depicted if aged 18 or older.

Family A
Patient II-8 (index patient). This 81-year-old man gradually developed slurring of speech
during his 50s and gait unsteadiness and slowing of hand movements during his 60s. Neurologic examination at age 75 showed mild pseudobulbar dysarthria and a tetrapyramidal
syndrome with slowed repetitive movements of tongue, fingers and feet and a mildly spastic
gait. Atrophy and fasciculations were absent. At the age of 79, needle EMG of bulbar,
cervical, thoracal and lumbosacral muscles was normal. Cortical magnetic stimulation
showed abnormal central motor conduction to the arms and legs. He was diagnosed with
PLS. At the last follow-up at age 80 neurological examination showed no signs of lower
motor neuron involvement.
Patient II-7. This is the 82-year-old brother of the index patient. From the age of 50 he experienced difficulty with walking which was slowly progressive. Slurring of speech developed
since age 75. At age 80 he noticed weakness of the arms. Neurologic examination at the last
follow-up at age 82 showed pseudobulbar dysarthria and a tetrapyramidal syndrome. Fasciculations and mild atrophy were seen in the upper arms, not in the tongue. Needle EMG
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at age 80 showed active denervation (fibrillations or positive sharp waves) and chronic denervation (polyphasic or large motorunit potentials) in the right abductor pollicis brevis
muscle, chronic denervation in the left abductor digiti minimi muscle and in both anterior
tibial muscles, but no abnormalities in the tongue. It was concluded that he had developed
ALS, most likely following long-standing PLS.
Patient III-9. This is the son of the index patient. He was diagnosed with bulbar onset
ALS at age 35. He developed dysarthria from age 31. At age 33, he noticed weakness of the
arms. Neurologic examination at age 35 showed pseudobulbar dysarthria. Fasciculations
and atrophy of arm and hand muscles were noted; these were associated with brisk reflexes
and a unilateral Babinski sign. He developed paralysis of the arms and severe weakness of
the legs. By the time of his death, at age 40, he was anarthric and had to be fed through a
percutaneous gastrostomy tube.
Family B
Patient III-14 (index patient). This 62-year-old man noticed stiffness in the legs and gait
unsteadiness since the age of 50. During his 50s arm movements became slower. Slurring
of speech developed at age 60. Neurologic examination at age 62 showed a tetrapyramidal
syndrome and mild pseudobulbar dysarthria, without atrophy or fasciculations. Cortical
magnetic stimulation demonstrated impaired central motor conduction. Needle EMG at
53 and 55 years of age was normal. He was diagnosed with PLS. Repeated EMG at age 62
only showed chronic denervation in the right rectus femoris muscle.
Patient III-12. This man, an older brother of the index patient, never married and had no
children. Family members recalled that he developed progressive speech and swallowing
disturbance from the age of 22. By the time of his death, at age 28, he could not speak or
swallow, had lost a lot of weight and had severe dyspnea. There were no symptoms in the
arms or legs. No medical records could be traced. The most likely diagnosis was ALS.
Patient II-1. This woman was first seen by a local neurologist at age 71 for weakness of her
left arm. At age 73, he documented the presence of bulbar paralysis, dysarthria, dysphagia,
forced crying, reduced mobility of shoulder and hip joints and weakness of the arms.
There was severe weight loss, but fasciculations were absent. Reflexes were low and plantar
responses were normal. ALS was diagnosed. She died at age 74.
Patient III-3. This man developed slurring of speech and swallowing difficulty at age 65.
At age 68 he was anarthric and had arm weakness more prominent on the left side. He
died at age 68 of respiratory insufficiency. Examination shortly before death revealed
atrophy, fasciculations and weakness of the tongue and of shoulder muscles, and hyperreflexia, including positive pseudobulbar reflexes. EMG at age 66 showed fasciculations and
chronic denervation in the tongue, arms, and a lower leg muscle. Post-mortem examination
of the brain and spinal cord showed abnormalities consistent with ALS and also features
of Alzheimer disease.
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Discussion
We report two patients with PLS from unrelated families with a history of FALS. The
phenotype of patients with FALS has been described as heterogeneous, also within families,
but the occurrence of PLS and ALS within the same family has not been described before.
Recognizing the PLS phenotype is important because it offers a much better prognosis
than the ALS phenotype, which is also true for the patients described in this study.1-5 Both
pedigrees suggest autosomal dominant inheritance, the most frequently observed pattern
in FALS.8 The presence of an obligate carrier in family B (II-3) indicates incomplete penetrance, which is a feature of FALS.8
The affected brothers of family A (II-7 and II-8) could represent the first reported cases of
familial PLS in adults because both had a similar phenotype of spinobulbar spasticity for
many years, before lower motor neuron symptoms developed in the older brother (II-7).
Patient II-7 probably represents a case of transition to ALS after long-standing PLS, as has
been described previously.5 We believe that new diagnostic criteria for PLS should leave
open the possibility of familial PLS, in contrast to the criteria proposed by Pringle et al. in
1992, which require absence of family history.1
The occurrence of ALS and PLS phenotypes in the same family suggests a common genetic
defect leading to degeneration of motor neurons. Importantly, gene- or environmentalmodifying factors may protect lower motor neurons in the patients with PLS or, alternatively, promote their degeneration in the patients with ALS in these families. Identification
of such modifying factors is a major challenge in ALS research.9,10
It is important to note that most patients with PLS appear to occur sporadically, as we found
only these two patients among a cohort of 100 Dutch patients with PLS. These observations
show that PLS can be part of the clinical spectrum of FALS, providing further evidence
that PLS is linked pathophysiologically to ALS, at least in a proportion of patients.
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Abstract
Whether primary lateral sclerosis (PLS) is a separate disorder or a variant of amyotrophic
lateral sclerosis (ALS) is debated. We report autopsy findings in a patient with clinical
PLS up to the time of death, after disease duration of 8 years. Post-mortem examination
showed signs of generalized degeneration of both upper and lower motor neurons, fitting
the criteria of ALS. ����������������������������������������������������������������������
Our findings strengthen the view that PLS is part of the clinico-pathological spectrum of ALS.
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Introduction
Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with an adult-onset
gradually progressive upper motor neuron (UMN) syndrome.1,2 Whether PLS is a separate
disorder or part of the clinico-pathological spectrum of amyotrophic lateral sclerosis (ALS)
is debated.2-6 Autopsies would help to clarify this issue. However, there have been very few
autopsies in PLS, including even fewer cases that were considered pathologically proven
PLS, and most were performed before the widespread recognition of Bunina bodies and
ubiquinated neuronal inclusions as key features of the pathology of ALS,7 which rendered
the earlier autopsy studies in PLS invalid.2,4 We here report autopsy findings in a patient
who fulfilled clinical criteria for PLS up to the time of death, after disease duration of 8
years.

Case report
At age 61, a man with no significant medical history gradually developed slowing and
slurring of speech, and difficulty swallowing fluids. Neurologic examination at age 63
showed pseudobulbar dysarthria, slowed tongue movements, and pseudobulbar affect. By
age 66, he was anarthric and he required placement of a percutaneous gastrostomy tube for
feeding. He was still able to make long walks and to perform heavy labour in his garden.
Neurologic examination showed isolated pseudobulbar paralysis. From age 67 he noted
stiffness in the legs and some walking difficulty. Neurologic examination now also showed
hyperreflexia and dysdiadochokinesia of the right leg. At age 69 he noted stiffness in his
right arm and walking became limited to a few metres with support. Subsequently he caught
pneumonia due to aspiration, and died 8 years from symptom onset, aged 69 years and 7
months. The last neurologic examination a few weeks prior to his death showed pseudobulbar paralysis and an asymmetrical (right more than left) tetra-pyramidal syndrome. At
that time, there were no symptoms suggestive of night-time hypoventilation and capillary
blood gas analysis was normal, but vital capacity could not be measured due to pseudobulbar paralysis.
Importantly, at none of the neurologic examinations could any sign of clinical lower motor
neuron (LMN) involvement be detected. Extensive concentric needle EMG examinations
of bulbar, cervical, thoracic, and lumbosacral muscles at age 63, 64, and age 66 were normal,
and at age 68 showed signs of denervation and re-innervation in only 1 lower leg muscle.
Further additional laboratory investigations that were performed to exclude other causes
included serum biochemistry, plasma levels of vitamins B12 and E, thyrotropin, and verylong-chain fatty acids; biliary alcohol levels in urine; serologic testing for syphilis, Lyme
disease, human T-lymphotropic virus 1, and HIV infection; and MRI of the brain.
Post-mortem macroscopic examination of the brain showed no specific abnormalities with
post-fixation weight of 1505 gram. There was no obvious atrophy of the precentral gyri.
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Figure A: Detail of layer 5 of the precentral gyrus. Between 2 Betz cells (arrowheads) is a group of foamy macrophages indicating neuronophagy (Luxol Fast Blue combined with PAS staining).
B: Transverse section of the thoracic spinal cord. There is asymmetrical degeneration with loss of myelin in the
lateral corticospinal tract (Luxol fast Blue combined with PAS staining).
C: Detail of the anterior horn of the thoracic spinal cord. Two of the remaining motor neurons are swollen
with displacement of the Nissl substance. The motor neuron on the right contains a Bunina body (arrow; HE
staining)
D and E: Two motor neurons in the lumbar spinal cord containing a skein-like inclusion (D) and a rounded
inclusion (E) (p62 immunohistochemistry).

Microscopic examination showed degeneration of UMNs represented by loss of Betz-cells,
neuronophagy, demyelization in the corticobulbar and corticospinal tracts. Examination of
the spinal cord showed a mild decrease of LMNs with presence of Bunina bodies, ubiquitin
and p62 positive skein-like inclusions and spherical bodies in all levels of the spinal cord. In
conclusion, histological examination of this patient showed signs of generalized degeneration of both upper and lower motor neurons, fitting the criteria of ALS.7

Discussion
Only 6 autopsies in PLS that included studies on ubiquinated inclusions and Bunina
bodies were previously reported. 2,4 Of these 6 autopsy patients, 5 had PLS associated with
parkinsonian features or dementia (complicated PLS2). Only in 1 of the 5 patients with
complicated PLS, no ALS inclusions could be detected at autopsy and was the pathology
therefore considered completely compatible with PLS rather than ALS.4 The one autopsy
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patient with clinically pure PLS also had evidence of ALS pathology, but had a disease
duration of 3 years and 3 months that would be considered too short for a diagnosis of PLS
according to recent insights (at least 4 years).5
Our patient fulfilled clinical diagnostic criteria for PLS.1 EMG results were entirely normal
at 5 years from onset and showed minimal changes in only 1 lower leg muscle (not fulfilling EMG revised El Escorial criteria for ALS) at the last EMG at 6.5 years from onset.
Minimal EMG changes were reported and accepted by many authors in PLS,1,3 although
some authors preferred to label such patients as UMN-dominant ALS,5,6 a term that in our
patient would adequately describe the combined clinical and pathological findings.
Our findings strengthen the view that PLS is a variant within the clinico-pathological
spectrum of ALS. However, more autopsies are needed to verify if pathologically pure PLS
may exist as a disorder separate from ALS.
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Diagnostic boundaries
Diagnosis of primary lateral sclerosis (PLS) has been and remains by exclusion of other
disorders of upper motor neurons (UMNs). The studies described in this thesis and recent
studies by other authors,1-5 however, have provided new insights that improve the ability to
differentiate PLS from sporadic presentation of hereditary spastic paraparesis (HSP) and
amyotrophic lateral sclerosis (ALS). Differentiation of PLS, HSP and ALS is important for
genetic counselling of family members and for prognostication. Prognosis is generally more
favorable in HSP compared to PLS, and more favorable in PLS compared to ALS.
PLS and HSP
With the advent of genetic tests for forms of HSP, improvement has been made regarding
the exclusion of sporadic presentations of HSP. We described in Chapter 2 and Chapter
3 that mutations in the spastin gene (SPG4)6 and paraplegin gene (SPG7)7 are a frequent
cause of apparently sporadic spastic paraparesis (each in ~12% of the patients). We found
no mutations of exon 3 of the seipin/BSCL2 gene (SPG17), or of the alsin gene (ALS2,
associated with juvenile-onset UMN diseases) in our patients with adult-onset sporadic
UMN syndromes (Chapter 4 and Chapter 5). However, the number of reported genetic
types of HSP is expanding and for many forms the causative gene is not yet identified
(Table 1).8 Currently, in only 50-60% of HSP families a causative mutation can be identified. Therefore, the differentiation between sporadic HSP and PLS remains problematic.
In this thesis we demonstrated that most clinical characteristics are not useful to differentiate HSP from PLS, although onset in the arms or bulbar region, or development of bulbar
region symptoms after onset in the legs may favor a diagnosis of PLS(Chapter 6).9 The observation that the distribution of UMN symptoms across the body regions determines the
certainty of diagnosis of PLS instead of HSP led us to design new PLS diagnostic criteria
(Table 2). These PLS diagnostic criteria classify patients with disease duration ≥4 years as
possible PLS if only legs are affected, as probable PLS if legs and arms are affected, and as
typical PLS if the bulbar region is affected. In a prospective validation study we showed
that this PLS classification was able to differentiate PLS from HSP in different levels of
certainty (Chapter 7). In addition, all patients with a disease duration <4 years were classified as undetermined UMN syndrome and these patients showed an overall more rapid deterioration of functional status and muscle strength, and a much shorter survival compared
to all other patients, including some patients who progressed to typical rapidly progressive
and fatal ALS.
PLS and ALS
The diagnostic boundary between PLS and ALS has been subject of debate since the first
publications on PLS at the end of the 19th century.10-15 Many authors have viewed PLS as a
variant within the clinical spectrum of ALS.15,16 This view is further supported by several
observations reported in this thesis: we described patients who converted from PLS to ALS
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X-linked

X-linked

AD

AD

AR

AD

AR

AD

AD

AD

AR

AD

AD

AR

AR

L1CAM (SPG1)

PLP1 (SPG2)

SPG3A

SPAST (SPG4)

CYP7B1 (SPG5A)

NIPA1 (SPG6)

SPG7

KIAA0196 (SPG8)

SPG9

KIF5A (SPG10)

SPG11

SPG12

HSPD1 (SPG13)

SPG14

ZFYVE26
(SPG15)

Inheritance

14q

3q27-q38

2q24-q34

19q13

15q

12q13

10q23.3-q24.2

8q24

16q

15q11.2-q12

8p

2p22

14q12-q21

Xq21

Xq28

Locus

Spastizin

..

Heat shock protein 60

..

Spatacsin

Kinesin family member
5A

..

Strumpellin

Paraplegin

Non-imprinted in
Prader-Willi/Angelman
syndrome region protein 1

Cytochrome P450-7B1

Spastin

Atlastin

Proteolipoprotein 1

L1 cell adhesion molecule

Protein

Kjellin syndrome: adolescent onset, pigmented retinopathy,
cerebellar signs, mental retardation

Variable onset, motor neuropathy, mental retardation

Adult-onset pure HSP

Early-onset pure HSP

Childhood to early adult onset, thin corpus callosum,
cognitive impairment, neuropathy

Early-onset pure HSP, can be complicated with distal
amyotrophy

Cataracts, motor neuropathy, skeletal abnormalities, gastrooesophageal reflux

Adult-onset pure HSP, marked spasticity

Variable onset, cerebellar signs, optic atrophy, neuropathy

Adult-onset pure HSP

Variable-onset pure HSP

Variable-onset mainly pure HSP

Early-onset pure, slow progression HSP

Quadriplegia, nystagmus, mental retardation, seizures

Mental retardation, hypoplasia of corpus callosum, adducted
thumbs, hydrocephalus

Clinical features

Table 1. Genetic forms of HSP (adapted from Salinas et al. 20088, updated for this thesis October 2009).

<10 families

1 family

<10 families

<10 families

Many families

<10 families

1 family

<10 families

~30 families

~10 families

~20 families

40% of pure AD HSP

<10% AD HSP

<100 familial cases

Over 100 familial
cases

Frequency
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X-linked

AD

AD

AD

AR

AR

AR

AR

AR

AR

AR

AR

AD

AR

AD

AR

SPG16

BSCL2 (SPG17)

SPG18

SPG19

SPG20

SPG21

SPG23

SPG24

SPG25

SPG26

SPG27

SPG28

SPG29

SPG30

REEP1 (SPG31)

SPG32

Table 1. Continued.

14q12-q21

2p12

2q37

1p31-p21

14q21.3-q22.3

10q22.1-q24.1

12p11.1-q14

6q23-q24

13q14

1q24-q32

15q

13q

9q33-q34

Reserved

11q12-q14

Xq11.2

..

Receptor expressionenhancing protein 1

..

..

..

..

..

..

..

..

Maspardin

Spartin

..

..

Seipin

..

Childhood onset, mental retardation, thin corpus callosum,
pontine dysraphism

Variable-onset pure HSP

Adolescent-onset pure HSP, sensory neuropathy

Sensorineural deafness, hiatus hernia, pes cavus,
hyperbilirubinaemia

Early-onset pure HSP

Variable onset, cerebellar signs, neuropathy, mental retardation,
microcephaly

Adult onset, neuropathy and distal wasting, intellectual
impairment

Adult onset, cataracts, prolapsed intervertebral discs

Childhood-onset pure HSP, pseudobulbar signs

Lison syndrome: childhood onset, pigmentary abnormalities,
facial and skeletal dysmorphism, cognitive decline, tremor

Mast syndrome: early adult onset, thin corpus callosum,
cognitive decline, extrapyramidal features, cerebellar signs

Troyer syndrome: childhood onset, amyotrophy, cerebellar
signs, developmental delay

Adult-onset pure HSP

Silver syndrome: variable onset, distal amyotrophy in hands
more than in feet

HSP with onset in infancy, aphasia, sphincter disturbance,
mental retardation

1 family

8% of AD pure HSP

1 family

1 family

1 family

2 families

2 families

1 family

1 family

1 family

Founder mutation in
Amish community

Founder mutation in
Amish community

1 family

<20 families

1 family
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AR

AD

AD

AD

AR

AD

AD

AR

SPG35

SPG36

SPG37

SPG38

SPG39

SPG41

SPG42

SPG45

10q24.3-q25.1

3q24-q26

11p14.1-p11.2

19p13

4p16-p15

8p21.1-q13.3

12q23-q24

16q21-q23

Reserved

..

acetyl-CoA transporter
(SLC33A1)

..

Neuropathy target esterase

..

..

..

..

..

Childhood onset, marked distal wasting in all four limbs

Distal amyotrophy (Silver syndrome)

Childhood onset, intellectual decline, seizures

1 family

1 family

2 families

1 family

1 family

If the SPG gene symbol has been replaced by the HUGO Gene Nomenclature Committee, the new symbol is listed, with the original symbol in parentheses (http://www.genenames.org). AD=Autosomal dominant. AR=autosomal recessive. ..=unknown.

AD

SPG34

Table 1. Continued.
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Table 2. New proposed diagnostic criteria for PLS (this thesis)
Requirements for the diagnosis
Presence of:
Gradually progressive UMN syndrome
Adult onset
Absence of:
LMN signs*
Sensory signs on examination
Family history of HSP#
Additional neuroimaging and laboratory findings that allow diagnosis of another condition
EMG findings fulfilling revised El Escorial criteria for probable laboratory-supported ALS
Genetic defect of HSP gene if phenotype overlaps with HSP
Levels of certainty of the clinical diagnosis of PLS
Clinically Typical PLS
Presence of UMN signs in at least the bulbar region (duration ≥4 years)
Clinically Probable PLS
Presence of UMN signs in arms and legs (duration ≥4 years)
Clinically Possible PLS
Presence of UMN signs in legs only (duration ≥4 years)
Undetermined UMN syndrome
Presence of UMN signs in bulbar or spinal regions (duration <4 years)
Other classifications of PLS
PLS Plus Syndromes
PLS presents in association with clinical features of other neurological diseases which
develop in addition to the PLS phenotype, e.g. extra-pyramidal features or dementia.
PLS = primary lateral sclerosis. UMN = upper motor neuron. *LMN signs = clinical LMN signs more than
mild focal amyotrophy of the interosseus muscles of the hands or of the anterior tibial or calf muscles, or
fasciculation. #Negative family history does not exclude HSP and rarely PLS may be a phenotypic manifestation of familial ALS,34 or very rarely of familial PLS.35 HSP = hereditary spastic paraparesis. UMN signs
in bulbar region = pseudobulbar dysarthria. UMN signs in legs or arms = evident hypertonia (defined
as modified Ashworth scale score ≥2), obvious dexterity loss due to spasticity, pathological hyperreflexia
(defined as NINDS reflex scale score 4 or 5 or extensor plantar response) or UMN weakness.
Additional investigations include: MRI of brain and spinal cord; CSF studies, serum biochemistry, serum
copper, vitamin B12 and E, TSH, plasma VLCFAs; urine biliary alcohols; serology for lues, borrelia,
HTLV1 and HIV.

(Chapter 7), patients with PLS as a phenotypic manifestation of familial ALS (Chapter
8),17 and a patient who had clinical PLS but ALS pathology at autopsy (Chapter 9). Further,
many patients had mild clinical or electrophysiological lower motor neuron (LMN) signs
that did not fulfil (revised) El Escorial criteria for ALS (Chapter 6). However, presence of
such mild LMN signs not necessarily proves that the disorder is part of the pathophysiological spectrum of ALS, because it was also found in some patients with genetically confirmed
HSP,9 and even in multiple sclerosis18and stroke.19 In addition, we found in our prospective
study that presence of mild LMN signs was not associated with more rapid disease pro115
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gression or shorter survival (Chapter 7). Although PLS in many cases may be part of the
clinicopathological spectrum of ALS, the overall more favorable prognosis compared to
ALS justifies the use of the separate diagnostic label of PLS in patients with predominant
UMN degeneration.

Etiology
The cause of PLS remains unknown. The current evidence indicates that patients fulfilling
clinical criteria for PLS comprise at least 2 separate pathophysiological groups: (1) patients
who represent a pure or predominant upper motor neuron variant of ALS, and (2) patients
who have sporadic presentation of HSP. The first group probably includes many, if not all,
of the patients with typical PLS according to our proposed PLS criteria (disease duration
≥4 years and at least bulbar region involvement) and an unknown smaller proportion of the
other diagnostic groups (probable PLS, possible PLS, and undetermined UMN syndrome).
In this group, as in ALS, 20 the clinical spectrum is broader and includes frontotemporal
dementia (FTD), which may develop in addition to the PLS phenotype. The second group
of patients fulfil our criteria for possible PLS or probable PLS, after exclusion of mutations
of relevant known HSP genes. In time, an increasing number, but probably never 100%, of
the patients belonging to the second group, who represent sporadic presentation of HSP,
will in the future be identified by genetic testing, as the number of known HSP genes is
expanding rapidly.8 Whether PLS may also exist as a disorder pathophysiologically separate
from ALS and HSP remains uncertain. There have been very few autopsies in PLS, and
no convincing autopsy case of clinically and pathologically pure PLS was reported that
included observations on ALS inclusions, which are now considered key features of ALS
pathology (Bunina bodies and ubiquinated neuronal inclusions). 21 More autopsies may
clarify this issue, although it may never be possible to rule out that a patient with clinical
and autopsy findings of pure PLS, if he or she had lived longer, would later have developed
lower motor neuron ALS pathology.
The current hypotheses regarding the etiology of ALS may also apply to many patients with
PLS, as in a proportion of the patients the clinical syndrome of PLS probably is a variant
within the clinico-pathological spectrum of ALS. In ALS, only a minority of around
10% of cases is familial and a number of genes have been identified that together explain
around 25% of the pedigrees. 20 Similarly, in a small minority the syndrome of adult-onset
PLS seems to represent a mono-genetic disorder: 1 family with an adult-onset autosomal
dominant PLS-like disorder associated with a locus on chromosome 4 was reported, 22,23
and we described 2 patients in this thesis who had PLS as a phenotypical manifestation of
familial ALS.17 Interestingly, in these families gene- or environment-modifying factors may
protect lower motor neurons or, alternatively, promote their degeneration in the patients
with ALS. Identification of such modifying factors is a major challenge in ALS research.
Sporadic ALS, which represents around 90% of ALS cases, is viewed as a complex disorder,
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with many interacting environmental and genetic susceptibility and modifying factors
contributing to disease. Several genome-wide studies have recently been conducted in
ALS, and have identified some possible risk genes for ALS, although results from different
studies were not consistent. 20 Suggested environmental risk factors include excessive
physical activity, military service, smoking, electric shock and exposure to pesticides, but
many of these associations were weak and inconsistent.24
As mentioned, some patients diagnosed as (possible or probable) PLS may represent a
sporadic presentation of HSP, so in these patients the disorder is a monogenetic disorder,
with distinct pathophysiology. In HSP, pathophysiological mechanisms are emerging,
including, most importantly, abnormal axonal transport and membrane trafficking, and
abnormal mitochondrial function, which may explain why the long axons of spinal upper
motor neurons are predominantly affected.8

Biomarkers
There is currently no specific biomarker for PLS or ALS. In ALS, abnormalities in various
physiopathologic pathways, such as oxidative stress, inflammation, and excitotoxicity, have
been reported in blood, cerebrospinal fluid, and muscle biopsies.25 Further, a number of
studies in both ALS and PLS patients have indicated that nuclear magnetic resonance
(NMR) spectroscopy and diffusion tensor magnetic resonance imaging (MRI) can detect
corticospinal lesions.25 However, because of their relative lack of sensitivity and specificity,
these techniques are currently inadequate for use as diagnostic tools in individual
patients.

Therapy
Currently, there is no known therapy that modifies disease progression in PLS. Therefore,
therapy in PLS relies on symptomatic treatment including supportive care and prescription of drugs that may influence symptoms such as spasticity, urinary urgency, dysarthria,
swallowing problems, excess of saliva, and forced laughter and/or crying. In ALS, riluzole
currently remains the only treatment with a proved, although modest, effect on survival. 26
We performed a pilot randomized single-blind trial with riluzole in PLS that, however, was
hampered by various factors (such as prior treatment with riluzole, clinical indication for
prescribing riluzole, change of diagnosis to HSP) leading to inclusion of no more than 36
patients in the final intention-to-treat analysis (20 randomized to riluzole-treatment, 16 to
no treatment). The available data, however, provided no evidence for a large beneficial effect
of riluzole on disease progression or survival in PLS. In PLS, we currently consider riluzole
treatment only in those patients with short disease duration (<4 years) and relatively fast
progression, as these patients may still develop typical rapidly progressive and fatal ALS.
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Future research
Important strategies for future research to identify genetic and environmental causative
and modifying factors in PLS include those that have been recently been introduced or
proposed in ALS studies. Genome wide association studies and gene expression profiling
are valuable new research methods for multifactorial diseases, 20 but in PLS these strategies
may be seriously hampered by the large numbers of patients required. More feasible and
promising for PLS are new techniques that would make it possible to perform studies on
motor neuron cultures from individual patients. 27 For the detection of biomarkers there is
currently much interest in the use of high-throughput techniques such as transcriptomics, proteomics, and metabolomics.25 In the future, a combination of biologic, radiologic,
electrophysiological markers, rather than a single marker, may prove a useful tool for the
diagnosis and follow-up of ALS and PLS patients.
Animal models for typical PLS do not exist. ALS2 knock-out mice have been developed,
as ALS2 mutations cause autosomal recessive disorders decribed as autosomal recessive
juvenile PLS, infantile ascending hereditary spastic paraparesis, and juvenile ALS.28
Although ALS2 knock-out mice did not develop overt motor neuron disease, they did show
signs of corticospinal tract degeneration, 29 and further studies may provide new insights in
processes involved in UMN degeneration. If a causative gene would be found in the one
reported family with autosomal dominant adult-onset PLS, 22,23 this would offer similar
possibilities for the development of animal models for this hereditary form of adult-onset
PLS. For some HSP types animal models have been developed30 and will hopefully increase
the understanding of corticospinal tract degeneration in these disorders, which may also
have relevance for other UMN disorders including PLS. In addition to pathophysiological
studies such animal models may be used to test possible therapies.
Possible disease modifying treatments worthy for study in PLS have to include those that
(hopefully) will show efficacy in current and future studies in other disorders in which
degeneration of upper motor neurons occurs, particularly in ALS and HSP. Disappointingly, riluzole has remained the only proven (modestly) effective disease-modifying drug
in ALS, despite a large number of clinical trials that often followed promising results in
animal models.31 In HSP there is currently no known treatment that slows disease progression. However, for many forms of HSP the causative genes are identified and the underlying
pathophysiological processes are being unraveled, which should help to find potential therapeutic solutions,8 which may also have future therapeutic implications for other motor
neuron disorders, including as PLS and ALS.
Some of the newer developments in symptomatic treatment that seem worthwhile to
study further in PLS include the use of botulinum toxin injections (in specific muscles for
severe spasticity,32 in bladder wall muscles for urinary urgency,33 in saliva glands for saliva
excess34), intrathecal baclophen infusion for generalized spasticity,35 and medical cannabis
for spasticity.36
Because overall disease progression in PLS is relatively slow, future therapeutic studies will
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require relatively large numbers of patients and/or long follow-up durations in order to
have sufficient power to detect a significant effect of a treatment on progression. The same
holds for etiological studies were large numbers of patients are needed to enable detection
of multiple genetic and/or environmental factors that may individually have only small
effect sizes. Given the rarity of PLS, such future studies will require large-scale international cooperation. To achieve an effective international cooperation is probably the most
important next step in PLS research. Further international studies will benefit from diagnostic criteria that help to identify patients who are likely to have the same underlying
pathology. Our proposed new PLS diagnostic criteria, which identify patients with typical
PLS, and patients in whom the diagnosis of PLS instead of HSP is less certain (possible and
probable PLS), are intented and hoped to facilitate these important further international
studies.
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Chapter 1. General introduction
The first chapter was written in 2002, and updated in 2004, before the start of the studies
described in this thesis. It provides an overview of the knowledge and unresolved questions
at that time regarding primary lateral sclerosis (PLS). The chapter describes that PLS is an
idiopathic adult-onset non-familial neuro-degenerative disorder of upper motor neurons,
presenting as a slowly progressive pyramidal tract and/or pseudobulbar syndrome. Disease
onset is usually between 40 and 60 years with symptoms starting in the legs, but onset in the
arms or in the bulbar region is also possible. Ultimately, a tetrapyramidal and pseudobulbar
syndrome may develop. Life expectancy is probably normal. The etiology is not known. PLS
is considered by many to be a variant of amyotrophic lateral sclerosis (ALS). The annual
incidence and the prevalence of PLS may be roughly estimated to 1 in 1.000.000 and 10-20
in 1.000.000, respectively. Treatment of PLS is symptomatic and may involve prescription
of antispasticity medication and rehabilitation care.
(Adapted from: Orphanet Encyclopedia 2004, www.orpha.net)

Chapter 2. Spastin mutations in sporadic adult-onset upper motor neuron syndromes
Mutation of the spastin gene (SPG4, autosomal dominant) is the single most common cause
of pure hereditary spastic paraparesis (HSP). In patients with an unexplained sporadic
upper motor neuron (UMN) syndrome, clinical distinction between PLS and sporadic
HSP may be problematic. To investigate whether spastin mutations are present in patients
with PLS and sporadic HSP, we screened the spastin gene in 99 Dutch patients with an
unexplained, apparently sporadic, adult-onset UMN syndrome. We found 6 mutations, of
which 4 were novel, in the subgroup of 47 patients with UMN symptoms restricted to the
legs (13%). Another novel spastin mutation was found in a patient with a rapidly progressive spinal and bulbar UMN syndrome that progressed to ALS. In the patients with arm or
bulbar UMN symptoms and slow progression, no spastin mutations were found. This study
shows that spastin mutations are a frequent cause of apparently sporadic spastic paraparesis,
but not of PLS.
(Annals of Neurology 2005;58:865-869)

Chapter 3. Paraplegin mutations in sporadic adult-onset upper motor neuron syndromes
Mutations of the paraplegin gene (SPG7) cause 1.5-6% of autosomal recessive HSP and are
associated with both pure and complex phenotypes, with onset in childhood or adulthood.
As HSP may occur sporadically, clinical differentiation from PLS may be problematic. In
the study described in this chapter, we analyzed the paraplegin gene in 98 Dutch patients
with sporadic adult-onset UMN syndromes, in whom in whom spastin gene mutations
had been excluded previously. Seven patients had homozygous or compound heterozy124
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gous pathogenic paraplegin mutations: six patients had UMN symptoms restricted to the
legs and one had UMN symptoms in legs and arms. No mutations were found in the 33
patients with UMN involvement of the bulbar region. Age at onset was lower in the seven
patients with paraplegin mutations (37 years, range 34-42) than in the 91 patients without
mutations (51 years, range 18-77, p = 0.001). Three of the seven patients with paraplegin
mutations and none of the patients without mutations developed cerebellar signs during
follow-up.
This study shows that paraplegin mutations are a frequent cause in patients with sporadic
spastic paraparesis who are negative for spastin mutation (paraplegin mutations in 12%),
less so in patients who also have UMN symptoms in the arms (6%), and not in patients with
UMN involvement of the bulbar region.
(Neurology 2008;71:1500-1505)

Chapter 4. Seipin/BSCL2 mutation screening in sporadic adult-onset upper motor neuron
syndromes
Two known mutations (c.263G>A/p.N88S and c.269C>T/p.S90L) in exon 3 of the seipin/
BSCL2 gene (SPG17) can cause a range of autosomal dominant (mixed) upper and lower
motor neuron disorders, including pure and complicated forms of HSP, which may also
present as a sporadic disease. This chapter describes our study that investigated whether
these two seipin/BSCL2 mutations are present in patients with sporadic HSP and PLS. We
screened exon 3 of the seipin/BSCL2 gene in 86 Dutch patients with a sporadic adult-onset
UMN syndrome, who were negative for spastin gene and paraplegin gene mutations. No
exon 3 mutations were detected, indicating that the seipin/BSCL2 exon 3 mutations are
not a common cause of sporadic pure HSP and PLS. Therefore, the results of this study do
not support including the Seipin/BSCL2 gene in the group of first-choice HSP genes to
screen for mutations during the diagnostic work-up of sporadic HSP and PLS.
( Journal of Neurology 2009;256:824-826)

Chapter 5. Adult-onset primary lateral sclerosis is not associated with mutations in the ALS2
gene
Adult-onset PLS is almost always sporadic; it can, however, be a rare manifestation
of familial ALS. Homozygous mutations in the alsin gene (ALS2) cause early-onset
autosomal recessive forms of UMN diseases described as infantile ascending hereditary
spastic paralysis, juvenile PLS, and juvenile ALS (if associated with lower motor neuron
involvement). Whether alsin mutations may also cause adult-onset PLS is not known. We,
therefore, analyzed the alsin gene in 51 Dutch patients with adult-onset PLS. No mutations
were found, indicating that mutations of the alsin gene are not a common cause of adultonset PLS.
(Neurology 2007;69:702-704)
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Chapter 6. Differentiation of hereditary spastic paraparesis from primary lateral sclerosis in
sporadic adult-onset upper motor neuron syndromes
In this chapter, we describe our study on whether clinical characteristics can differentiate sporadic presentations of HSP from PLS. Differentiation between these diseases is
important for genetic counseling and prognostication. We studied a cohort of 104 patients
with an adult-onset, sporadic UMN syndrome of at least 3 years’ duration, that included
14 patients with genetically confirmed HSP (7 with spastin/SPG4 and 7 with paraplegin/
SPG7 mutations). All 14 patients with the SPG4 or SPG7 mutation had symptom onset
in the legs, and 1 of the patients with the SPG7 mutation also developed symptoms in the
arms. Of the other 90 patients, 36 had a typical PLS phenotype (bulbar region involvement), 15 had a phenotype that was difficult to classify as similar to HSP or PLS (involvement of legs and arms only), and 39 had a phenotype similar to typical HSP (involvement
of the legs only). We found that the median age at onset was lower in patients with the
SPG4 or SPG7 mutation (39 [range, 29-69] years), but there was considerable overlap with
patients with the PLS phenotype (52 [range, 32-76] years). No differences were found in
the features used by previous studies to distinguish HSP from PLS, including evidence of
mild dorsal column impairment (decreased vibratory sense or abnormal leg abnormal leg
somatosensory evoked potentials), symptoms of urinary urgency, or mild EMG abnormalities. We conclude that in patients with an apparently sporadic adult-onset UMN syndrome
and symptom onset in the legs, differentiation of sporadic presentations of HSP from PLS
based on clinical characteristics is unreliable and therefore depends on genetic test results.
Disease onset in the arms or bulbar region, development of bulbar region involvement, or
marked asymmetry during the disease course may support a diagnosis of PLS instead of
HSP.
(Archives of Neurology 2009;66:509-514)

Chapter 7. Proposed new diagnostic criteria for primary lateral sclerosis: a prospective validation study
We designed new diagnostic criteria for PLS that incorporate different levels of certainty
of diagnosis of PLS instead of HSP, based on the distribution of UMN symptoms over
the body regions. To study the significance in PLS, mild lower motor neuron (LMN)
signs, bladder symptoms due to UMN dysfunction, and any adult onset age were allowed.
To validate our criteria, 89 patients with a sporadic adult-onset UMN syndrome were
included in a 3-year prospective study. Patients with disease duration ≥4 years were classified as typical PLS (UMN signs in at least the bulbar region, n=25), probable PLS (UMN
signs in arms and legs, n= 13), or possible PLS (UMN signs only in legs, n=30), and those
with duration <4 years as undetermined UMN syndrome (n=21). We found that classifying patients with a disease duration ≥4 years according to our criteria was able to differentiate PLS from HSP in levels of certainty (p<0.001): after follow-up all typical PLS patients
remained typical PLS (92%) or had developed ALS (8%), whereas 38% of ‘probable PLS’
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developed typical PLS (n=3) or ALS (n=2), and 17% of possible PLS developed typical
PLS. Disease duration <4 years and a higher rate of functional decline prior to inclusion,
but not mild LMN signs, was associated with faster progression, shorter survival, and conversion to rapidly progressive ALS. We conclude that these new PLS diagnostic criteria
help to provide a more accurate diagnosis in patients with sporadic UMN degeneration,
which is important for patients and for future research.
(Submitted)

Chapter 8. Primary lateral sclerosis as a phenotypic manifestation of familial ALS
PLS is a diagnosis of exclusion in patients with progressive spino-bulbar spasticity and
could be part of the clinical spectrum of ALS. Unlike ALS, which is familial in 5-10%
of the cases, PLS has been described as a sporadic disorder in adults. The diagnosis of PLS
requires the absence of a positive family history according to proposed clinical diagnostic
criteria. We report two patients with PLS from unrelated SOD1-negative FALS families.
These observations broaden the clinical spectrum of FALS and provide further evidence
that PLS can be linked pathophysiologically to ALS.
(Neurology 2005;64:1778-1779)

Chapter 9. ALS pathology in a patient with clinical primary lateral sclerosis
Whether PLS is a separate disorder or part of the clinico-pathological spectrum of ALS
is debated. Autopsies could help to clarify this issue, but there have only been very few
autopsies in PLS and most were performed before the widespread recognition of Bunina
bodies and ubiquinated neuronal inclusions as key features of the pathology of ALS. In this
chapter we describe the autopsy findings in a patient who clinically had PLS up to the time
of death, after disease duration of 8 years. ���������������������������������������������
Histological examination showed signs of generalized degeneration of both upper and lower motor neurons, fitting the criteria of ALS.
These findings strengthen the view that PLS is a variant within the clinico-pathological
spectrum of ALS.
(Submitted)

Chapter 10. General discussion
In this final chapter, the results of the studies in this thesis and directions for future
research are discussed. Diagnosis of PLS remains by exclusion of other disorders and the
etiology of PLS remains unknown. The current evidence indicates that patients fulfilling
clinical criteria for PLS comprise at least 2 separate pathophysiological groups: patients
who represent a pure or predominant UMN variant of ALS, and those who have sporadic
HSP (who would among patient classified as possible PLS or probable PLS according to
our proposed new diagnostic criteria). Whether PLS also exists as a pathophysiologically
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separate disorder remains uncertain. The overall more favourable prognosis compared to
ALS justifies the use of a separate diagnostic label of PLS. There is currently no known
therapy that modifies disease progression in PLS. Therefore, therapy in PLS relies on
symptomatic treatment including supportive care and certain drugs. Strategies and topics
for future etiological and therapeutical research in PLS include those currently apllied in
ALS and HSP. Given the rarity of PLS, such future studies will require large-scale international cooperation. To achieve an effective international cooperation is probably the most
important next step in PLS research. Our proposed new PLS diagnostic criteria, which
identify patients with typical PLS, and patients in whom the diagnosis of PLS instead of
HSP is less certain (possible and probable PLS), are intented to facilitate these important
further international studies.
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Hoofdstuk 1. Algemene inleiding
Dit eerste hoofdstuk is geschreven in 2002, en bijgewerkt in 2004, vóór de aanvang van
de studies beschreven in dit proefschrift. Het biedt een overzicht van de kennis en de onbeantwoorde vragen op dat moment met betrekking tot primaire laterale sclerose (PLS).
Het hoofdstuk beschrijft dat PLS een niet-erfelijke neuro-degeneratieve aandoening van
de centrale motorische neuronen is, met debuut op volwassen leeftijd, zich presenterend als
langzaam progressieve spasticiteit. De ziekte debuteert gewoonlijk tussen het 40e en 60e
levensjaar met symptomen in de benen, maar een debuut in de armen of in de bulbaire regio
(met symptomen in het hoofd/hals-gebied) is ook mogelijk. Uiteindelijk kan de spasticiteit
zich over het gehele lichaam (benen, armen, hoofd/hals) uitbreiden. De levensverwachting
is waarschijnlijk normaal. De oorzaak is onbekend. PLS wordt veelal beschouwd als een
variant van amyotrofe laterale sclerose (ALS). The jaarlijkse incidentie en prevalentie van
PLS bedraagt volgens een ruwe schatting 1 per 1.000.000 en 10-20 per 1.000.000, respectievelijk. Behandeling van PLS is symptomatisch en kan o.a. behandeling met antispasticiteitsmedicatie en revalidatiegeneeskundige begeleiding omvatten.
(Gebaseerd op: Orphanet Encyclopedia 2004, www.orpha.net)

Hoofdstuk 2. Spastine mutaties bij sporadische centraal motorisch neuron syndromen met
debuut op volwassen leeftijd
Mutatie van het spastine gen (SPG4, autosomaal dominant) is de meest voorkomende
oorzaak van pure hereditaire spastische paraparese (HSP). Bij patiënten met een onverklaard sporadisch centraal motorisch neuron (CMN) syndroom is het klinisch onderscheid tussen PLS and sporadische HSP problematisch. Om te onderzoeken of spastine
mutaties voorkomen bij patiënten met PLS en sporadische HSP, hebben we het spastine
gen gescreened bij 99 Nederlandse patiënten met een onverklaard schijnbaar sporadisch
CMN syndroom met debuut op volwassen leeftijd. We vonden 6 mutaties, waarvan 4 niet
eerder beschreven, in de subgroep van 47 patiënten met een CMN symptomen beperkt tot
de benen (13%). Een andere niet eerder beschreven spastine mutatie werd gevonden bij een
patiënt met een snel progressief spinaal and bulbair CMN syndroom dat overging in ALS.
Bij de patiënten met symptomen in de armen of de bulbaire regio en langzame progressie werden geen spastine mutaties gevonden. Deze studie laat zien dat spastine mutaties
een frequente oorzaak zijn van schijnbaar sporadische spastische paraparese, maar niet van
PLS.
(Annals of Neurology 2005;58:865-869)
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Hoofdstuk 3. Paraplegine mutaties bij sporadische centraal motorisch neuron syndromen met
debuut op volwassen leeftijd
Mutaties van het paraplegine gen (SPG7) veroorzaken 1.5-6% van autosomaal recessieve
HSP en zijn geassocieerd met zowel pure als complexe fenotypes, met een debuut in de jeugd
of op volwassen leeftijd. Omdat HSP sporadisch kan voorkomen is klinische differentiatie
van PLS problematisch. In de studie die in dit hoofdstuk beschreven wordt hebben we
het paraplegine gen geanalyseerd bij 98 Nederlandse patiënten met een sporadisch CMN
syndroom met debuut op volwassen leeftijd, bij wie spastine gen mutatie eerder was uitgesloten. Zeven patiënten hadden homozygote of samengesteld heterozygote pathogene
paraplegine mutaties: zes patiënten hadden CMN symptomen beperkt tot de benen en één
patiënt had CMN symptomen in benen en armen. Er werden geen mutaties gevonden bij
de 33 patiënten met CMN betrokkenheid van de bulbaire regio. De debuutleeftijd was
lager in de zeven patiënten met paraplegine mutaties (37 jaar, spreiding 34-42) dan in de 91
patiënten zonder mutaties (51 jaar, spreiding 18-77, p = 0.001). Drie van de zeven patiënten
met paraplegine mutaties en geen van de patiënten zonder mutaties ontwikkelden cerebellaire symptomen tijdens de vervolgstudie.
Deze studie laat zien dat paraplegine mutaties een frequente oorzaak zijn bij patiënten
met sporadische spastische paraparese die negatief zijn voor spastine mutaties (paraplegine
mutaties bij 12%), in mindere mate bij patiënten die ook CMN symptomen hebben in de
armen (6%), en niet bij patiënten met CMN betrokkenheid van de bulbaire regio.
(Neurology 2008;71:1500-1505)

Hoofdstuk 4. Seipine/BSCL2 mutatie screening bij sporadische centraal motorisch neuron
syndromen met debuut op volwassen leeftijd
Twee bekende mutaties (c.263G>A/p.N88S and c.269C>T/p.S90L) in exon 3 van het
seipine/BSCL2 gen (SPG17) kunnen een spectrum van autosomaal dominante (gemengde)
centrale en perifere motor neuron aandoeningen veroorzaken, waaronder pure en gecompliceerde vormen van HSP, die ook kunnen presenteren als een sporadische ziekte. Dit
hoofdstuk beschrijft onze studie die onderzocht of deze twee seipine/BSCL2 mutaties
voorkomen bij patiënten met sporadische HSP en PLS. We onderzochten exon 3 van het
seipine/BSCL2 gen bij 86 Nederlandse patiënten met een sporadisch CMN syndroom
met debuut op volwassen leeftijd, die negatief waren voor mutaties in het spastine gen en
paraplegine gen. Er werden geen exon 3 mutaties gevonden. Dit geeft aan dat de seipine/
BSCL2 exon 3 mutaties niet een frequente oorzaak zijn van sporadische pure HSP en PLS.
De resultaten van deze studie ondersteunen daarom het toevoegen van het seipine/BSCL2
gen aan the groep van eerste keus HSP genen, om te onderzoeken bij de diagnostiek van
sporadische HSP en PLS, niet.
( Journal of Neurology 2009;256:824-826)
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Hoofdstuk 5. Primaire laterale sclerose met debuut op volwassen leeftijd is niet geassocieerd
met mutaties in het ALS2 gen
PLS met debuut op volwassen leeftijd is vrijwel altijd sporadisch; het kan echter een zeldzame
manifestatie zijn van familiale ALS. Homozygote mutaties van het alsine gen (ALS2) veroorzaken autosomaal recessieve vormen van CMN aandoeningen met een vroeg debuut,
beschreven als infantiele opstijgende hereditaire spastische paralyse, juveniele PLS en
juveniele ALS (indien geassocieerd met betrokkenheid van perifere motorische neuronen).
Of alsine mutaties ook PLS met debuut op volwassen leeftijd kunnen veroorzaken is niet
bekend. Daarom analyseerden we het alsine gen bij 51 Nederlandse patiënten met PLS. Er
werden geen mutaties gevonden, hetgeen aangeeft dat mutaties van het alsine gen niet een
frequente oorzaak zijn van PLS met debuut op de volwassen leeftijd.
(Neurology 2007;69:702-704)

Hoofdstuk 6. Differentiatie van hereditaire spastische paraparese van primaire laterale sclerose
bij sporadische centraal motorisch neuron syndromen met debuut op volwassen leeftijd
In dit hoofdstuk beschrijven we onze studie naar de vraag of klinische karakteristieken sporadische presentaties van HSP kunnen differentiëren van PLS. Differentiatie tussen deze
aandoeningen is belangrijk voor advisering van patiënten over erfelijkheid en prognose.
We bestudeerden een cohort van 104 patiënten met een sporadisch CMN syndroom
met debuut op volwassen leeftijd met een ziekteduur van tenminste 3 jaar, onder wie 14
patiënten met genetisch bevestigde HSP (7 met SPG4 en 7 met SPG7 mutaties). Alle 14
patiënten met SPG4 of SPG7 mutatie hadden een debuut in de benen en 1 van de patiënten
met SPG7 mutatie ontwikkelde daarnaast ook symptomen in de armen. Van de overige 90
patiënten hadden 36 een typisch PLS fenotype (betrokkenheid van de bulbaire regio), 15
hadden een fenotype dat moeilijk was te classificeren als vergelijkbaar met HSP of passend
bij PLS (betrokkenheid van armen en benen) en 39 hadden een fenotype vergelijkbaar met
typische HSP (betrokkenheid van alleen de benen). We vonden dat de mediane debuutleeftijd lager was bij patiënten met SPG4 of SPG7 mutatie (39 [spreiding, 29-69] jaar), maar er
was aanzienlijke overlap met patiënten met het PLS fenotype (52 [spreiding, 32-76] jaar).
Er waren geen verschillen in de kenmerken die door eerdere studies werden gebruikt om
HSP van PLS te onderscheiden, waaronder tekenen van milde betrokkenheid van de achterstrengen (verminderde vibratiezin of afwijkende somatosensory evoked potentials van
de benen), symptomen van urgente mictie, of milde EMG afwijkingen. We concluderen dat
bij patiënten met een schijnbaar sporadisch CMN syndroom debuterend aan de benen op
volwassen leeftijd, differentiatie van sporadische presentaties van HSP van PLS gebaseerd
op klinische kenmerken onbetrouwbaar is en daarom afhankelijk is van genetische tests.
Een debuut in de armen of de bulbaire regio, het ontwikkelen van betrokkenheid van de
bulbaire regio, of opvallende asymmetrie tijdens het ziektebeloop, kan de diagnose PLS in
plaats van HSP ondersteunen.
(Archives of Neurology 2009;66:509-514)
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Hoofdstuk 7. Voorgestelde nieuwe diagnostische criteria voor primaire laterale sclerose: een
prospectieve validatie studie
Op basis van onze eerdere studies stelden we nieuwe diagnostische criteria voor PLS op,
die verschillende niveau’s bevatten van zekerheid van de diagnose PLS in plaats van HSP,
gebaseerd op de verdeling van de CMN symptomen over de lichaamsregio’s. Teneinde de
betekenis ervan bij PLS te bestuderen, werden milde perifeer motorisch neuron (PMN)
afwijkingen, symptomen van de blaas door CMN dysfunctie en iedere volwassen debuutleeftijd toegestaan. Ter validatie van onze criteria werden 89 patiënten met een sporadisch
CMN syndroom met debuut op volwassen leeftijd geïncludeerd in een 3-jarige prospectieve studie. Patiënten met een ziekteduur ≥4 jaar werden geclassificeerd als ‘typical’ PLS
(CMN verschijnselen in tenminste de bulbaire regio, n=25), ‘probable’ PLS (CMN verschijnselen in armen en benen, n= 13), of ‘possible’ PLS (CMN verschijnselen alleen in de
benen, n=30), en diegenen met een ziekteduur <4 jaar als ‘undetermined’ CMN syndroom
(n=21). We vonden dat classificatie, volgens onze criteria, van patiënten met een ziekteduur
≥4 jaar in staat was om PLS van HSP te onderscheiden in niveaus van zekerheid (p<0.001):
alle ´typical´ PLS patienten behielden na follow-up ‘typical’ PLS (92%) of hadden ALS
ontwikkeld (8%), terwijl van ‘probable’ PLS 38% ‘typical’ PLS (n=3) of ALS (n=2) ontwikkelde, en van ‘possible’ PLS ontwikkelde 17% ‘typical’ PLS. Een ziekteduur <4 jaar en een
hogere snelheid van functionele achteruitgang vóór inclusie, echter niet milde PMN afwijkingen, waren geassocieerd met snellere progressie, kortere overleving en overgang naar
snel progressieve ALS. We concluderen dat deze nieuwe PLS diagnostische criteria helpen
om een meer accurate diagnose te stellen bij patiënten met sporadische CMN degeneratie,
hetgeen belangrijk is voor patiënten en voor toekomstig wetenschappelijk onderzoek.
(Aangeboden voor publicatie)

Hoofdstuk 8. Primaire laterale sclerose als een fenotypische manifestatie van familiale ALS
PLS is een per exclusionem diagnose bij patiënten met progressieve spino-bulbaire spasticiteit en maakt mogelijk deel uit van het klinische spectrum van ALS. Anders dan bij ALS,
dat in 5-10% van de gevallen familiaal is (FALS), is PLS bij volwassenen beschreven als een
sporadische aandoening. De diagnose PLS vereist een negatieve familie-anamnese volgens
eerder voorgestelde klinische diagnostische criteria. In dit hoofdstuk rapporteren we twee
patiënten met PLS afkomstig van ongerelateerde SOD1-negatieve FALS families. Deze observaties verbreden het klinische spectrum van FALS en verschaffen aanvullend bewijs dat
PLS pathofysiologisch gerelateerd kan zijn aan ALS.
(Neurology 2005;64:1778-1779)

Hoofdstuk 9. ALS pathologie bij een patiënt met klinische primaire laterale sclerose
Of PLS een afzonderlijke ziekte is, of deel uitmaakt van het klinisch-pathologische
spectrum van ALS is, staat ter discussie. Autopsieën zouden kunnen helpen om deze
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kwestie te verhelderen, maar er zijn slechts zeer weinig autopsieën bij PLS verricht en de
meesten hiervan vonden plaats vóór de brede erkenning van Bunina lichaampjes en geubiquineerde neuronale inclusies als essentiële kenmerken van de pathologie van ALS.
In dit hoofdstuk beschrijven we de autopsie bevindingen bij een patiënt die klinisch PLS
had tot het moment van overlijden na een ziekteduur van 8 jaar. Histologisch onderzoek
toonde tekenen van gegeneraliseerde degeneratie van zowel centrale als perifere motorische
neuronen, overeenstemmend met de criteria voor ALS. Deze bevindingen steunen het gezichtspunt dat PLS een variant is binnen het klinisch-pathologische spectrum van ALS.
(Aangeboden voor publicatie)

Hoofdstuk 10. Algemene discussie
In dit afsluitende hoofdstuk worden de resultaten van de studies in dit proefschrift en suggesties voor toekomstig wetenschappelijk onderzoek besproken. De diagnose PLS blijft op
basis van uitsluiting van andere aandoeningen en de oorzaak van PLS is nog onbekend.
De huidige kennis geeft aan dat patiënten die voldoen aan de klinische criteria voor PLS
tenminste 2 afzonderlijke pathofysiologische groepen bevatten: patiënten die een pure
CMN of hoofdzakelijk CMN variant van ALS vertegenwoordigen, en diegenen die sporadische HSP hebben (deze patiënten zouden volgens onze voorgestelde nieuwe criteria
binnen de classificatie ‘possible’ PLS of ‘probable’ PLS vallen). Of PLS daarnaast ook
bestaat als pathofysiologisch afzonderlijke aandoening blijft onzeker. De over het algemeen
veel gunstiger prognose, vergeleken met ALS, rechtvaardigt het gebruik van het afzonderlijke diagnostisch label PLS. Er is momenteel geen therapie bekend die het ziektebeloop
van PLS beïnvloedt. Daarom berust de behandeling op symptoombestrijding met behulp
van o.a. medicatie en revalidatiegeneeskundige begeleiding. Strategieën en hoofdpunten
voor toekomstig etiologisch en therapeutisch onderzoek bij PLS omvatten o.a. dezelfde die
momenteel worden toegepast bij ALS en HSP. Vanwege de zeldzaamheid van PLS vereisen
dergelijke studies grootschalige internationale samenwerking. Het bereiken van een effectieve internationale samenwerking is waarschijnlijk de belangrijkste volgende stap voor
wetenschappelijk onderzoek naar PLS. Onze voorgestelde nieuwe diagnostische criteria
voor PLS, die patiënten identificeren met typische PLS en patiënten met een minder zekere
diagnose van PLS in plaats van HSP (‘possible’ en ‘probable’ PLS), zijn bedoeld om deze
belangrijke verdere internationale studies te faciliteren.
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