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Features of neurolymphomatosis

Pathologically-proven neurolymphomatosis

Nine patients (Patients 1-9) were pathologically confirmed as
having neurolymphomatosis. The lymphoma in this group was pri-
marily of the B cell type, as only two patients (Patients 5 and 7)
exhibited the T cell type (Table 1). The most common type was
diffuse large B cell lymphoma, which was present in six of nine

patients. The mode of progression was subacute to chronic in-

these patients. The neuropathic features included local peripheral
nerve involvement, such as multiple mononeuropathy in the extre-
mities or cranial nerves in seven patients (Patients 1-7). The other
two patients (Patients 8 and 9) manifested symmetrical polyneur-
opathy (Fig. 1 and Table 2). Spontaneous pain in the affected
extremities was reported in six of nine patients. Three of these
patients (Patients 1, 2 and 6) complained of severe pain that dis-
rupted routine activities.

Nerve conduction studies revealed some degree of reduced
compound muscle and sensory nerve action potentials in all of
these patients (Supplementary Table 3), and demyelinating fea-
tures were also concomitantly observed in some patients. Three
of these patients (Patients 4, 8 and 9) met the EFNS/PNS electro-
diagnostic criteria of definite CIDP (Joint Task Force of the EFNS
and the PNS, 2010) (Table 2).

Sural nerve biopsy specimens were obtained from seven of
these patients (Patients 1, 3, 4, 5, 7, 8 and 9) (Supplementary
Table 1). These specimens showed a reduction of myelinated
fibres to varying extents. A mild to moderate reduction of the
unmyelinated fibre density was also observed in these specimens.
Teased-fibre preparations revealed axonal degeneration with only
minor demyelinating changes. Lymphomatous cell invasion was
observed in five of these patients (Patients 3, 4, 5, 7 and 9).
The regions of lymphomatous cell invasion were primarily

observed in and around the perineurium, particularly the subper-
ineurium, with extension into the inner space of the endoneurium.
Epineurial lymphomatous cell invasion was also observed in one
patient (Patient 9). In Patient 6, a biopsy of the tumour in the left
sciatic nerve was performed, and the patient was diagnosed with
lymphoma.

Autopsied specimens were obtained from four patients
(Supplementary Table 2). An invasion of lymphomatous cells
was observed in all of these patients (Figs 3 and 4) and was
conspicuous in the proximal portions of the PNS, such as the
nerve roots and proximal portions of the nerve trunks. The
mode of lymphomatous cell invasion into the nerve was similar
to that in the sural nerve biopsy specimens, as cell infiltration was
prominent in and around the perineurium, particularly the subper-
ineurium, with extension into the inner space of the endoneurium.
Lymphomatous cells were observed along the pia mater of the
spinal cord (Patient 1), but no invasion of these cells into the
parenchyma was observed. The invasion of lymphomatous cells
was not observed in the dorsal root ganglia, thoracic sympathetic
ganglia, or spinal cord (Patients 2, 7 and 8).

invading lymphomatous cells in the PNS of this group showed
an obvious atypical cellular appearance (Fig. 3B), leading to a
diagnosis of neurolymphomatosis. The diagnoses were also sup-
ported by evidence from additional immunohistochemical studies
for each specific diagnosis of lymphoma (Supplementary Table 4).
In situ hybridization of small ribonucleic acids of Epstein-Barr virus
was performed in five of six cases with diffuse large B cell lymph-
oma (Asano et al., 2009), and the results were negative
(Supplementary Table 4).

Demyelination was observed at sites of lymphomatous cell
invasion (Fig. 4). Nerves with demyelination were not in direct
contact with lymphomatous cells. The direct attachment of lym-
phomatous cells to the Schwann cells of myelinated and
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unmyelinated fibres was not observed. Macrophages were not
observed at demyelinating sites (Figs 3C—F and 4). In contrast,
axonal degeneration was conspicuous in the distal portions of
the nerve trunk. Axonal degeneration was observed without lym-
phomatous cell invasion in the nerve trunk distal from the sites of
the lymphomatous cell invasion and demyelination. Rather, macro-
phages were abundantly present in the regions of the nerves

where the axonal degeneration was conspicuous (Fig. 3F). These
findings suggest that demyelination in lesions with lymphomatous
cell invasion is not associated with macrophage infiltration but,
rather, induces axonal degeneration with the infiltration of macro-
phages in the distal portion. These findings were similar in all four
autopsied cases examined. A representative case i5 described in
the Supplementary material.
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Neurolymphomatosis assessed through fluorodeoxy-
glucose positron emission tomography

All six patients (Patients 10-15) who exhibited an accumulation of
FDG along the peripheral nerves on FDG-PET imaging had B cell
lymphoma, and five patients had diffuse large B cell lymphoma
(Table 1). The accumulation of FDG was observed at the brachial
plexus in four patients (Patients 10, 11, 14 and 15) and at the
lumbar plexus in two patients (Patients 12 and 13) (Table 1, Fig.
2A and Supplementary Fig. 2). In Patient 10, a conduction block
was present between the erb and the axilla (Fig. 2B), located be-
tween the proximal and distal portions of nerve segments with
increasing FDG uptake. This finding indicates that lymphoma cell
invasion was present in the brachial plexus and that segmental
demyelination was present at this lesion.

Neuropathic features were characterized according to the local-
ity of the peripheral nerve involvement represented as multiple
mononeuropathy in the extremities in all patients (Fig. 1 and
Table 2). Three patients also manifested unilateral cranial nerve
involvement. The mode of progression was subacute to chronic.
Spontaneous pain in the affected extremities was reported in all
patients. Nerve conduction studies revealed some degree of
axonal features in all patients, but demyelinating features were
also conspicuously observed in two of these patients (Patients
10 and 15), fulfilling the EFNS/PNS electrodiagnostic criteria of
definite CIDP (Joint Task Force of the EFNS and the PNS, 2010)
(Supplementary Table 3). The clinical and electrophysiological fea-
tures were similar to those of pathologically-proven neurolympho-
matosis. A representative case is described in the Supplementary
material.

Features of paraneoplastic neuropathy

CIDP-type neuropathy

Three patients (Patients 16-18) categorized as ‘paraneoplastic
CIDP-type’ showed subacute to chronic sensorimotor polyneurop-
athy with a symmetrical manifestation (Fig. 1 and Table 2). in
contrast to the patients suspected as having neurolymphomatosis,
none of these patients had diffuse large B cell lymphoma, and two
of the three patients had T cell lymphoma (Table 1). The electro-
physiological features revealed a marked prolongation of the distal
latency and a reduction of the conduction velocity (Supplementary
Table 3). Two patients (Patients 17 and 18) fulfilled the EFNS/PNS
electrodiagnostic criteria of definite CIDP (Joint Task Force of the
EFNS and the PNS, 2010). In addition, a reduction of compound
muscle action potential was observed in these patients. The sural
nerve biopsy findings of these patients revealed extensive segmen-
tal demyelination in the teased-fibre preparations (21, 31 and
34% for Patients 16, 17 and 18, respectively) without lymphoma-
tous cell invasion (Supplementary Table 1). Axonal degeneration
with a reduction of the myelinated fibre density was also conspicu-
ous in Patients 16 and 17 (58 and 43%, respectively). However,
the reduction of unmyelinated fibres was not conspicuous relative
to the loss of myelinated fibres. FDG-PET was performed in
Patient 17, and no invasion into the PNS was observed. A repre-
sentative case is described in the Supplementary material.

Sensory ganglionopathy

A patient (Patient 19) with diffuse large B cell lymphoma mani-
fested sensofy ataxia in the extremities arising from proprioceptive
and kinaesthetic sensory loss. The electrophysiological features re-
vealed a reduction of sensory nerve action potentials
(Supplementary Table 3). The sural nerve biopsy findings revealed
a predominant large-fibre loss (Supplementary Table 1). In add-
ition, motor nerve conduction studies revealed findings suggestive
of demyelination, consistent with previous reports (Camdessanché
et al., 2002). The autopsy revealed a loss of neurons in the dorsal
root ganglia with the preservation of motor neurons in the spinal
cord and an absence of lymphomatous cell invasion into the PNS
(Supplementary Table 2).

Vasculitic neuropathy

A patient (Patient 20) with diffuse large B cell lymphoma, cate-
gorized as having ‘paraneoplastic vasculitic neuropathy’, showed
subacute symmetrical sensorimotor polyneuropathy (Fig. 1 and
Table 2). The electrophysiological features suggested predominant
axonal neuropathy (Supplementary Table 3). The sural nerve
biopsy findings revealed an occlusion of small vessels in the epi-
neurium with inflammatory cellular infiltration without an atypical
cellular appearance (Supplementary Table 1).

Features of unclassified group

Multiple mononeuropathy

All 10 patients (Patients 21-30) in this group had B cell lymphoma,
and seven patients had diffuse large B cell lymphoma (Table 1).
Neuropathic features were characterized by the locality of the
peripheral nerve involvement, as represented by multiple mono-
neuropathy in the extremities or unilateral cranial nerve involve-
ment (Table 2 and Supplementary Fig. 1). Spontaneous pain in the
affected extremities was reported in five patients. Patient 21 com-
plained of severe pain significantly disrupting daily activities, which
is similar to the pain experienced by patients with neurolympho-
matosis. In addition, the cytology of the CSF was positive in
Patient 28. Nerve conduction studies revealed some degree of
reduction of compound muscle action potentials and sensory
nerve action potentials in all of these patients (Supplementary
Table 3), and demyelinating features were also concomitantly
observed in some patients. Three patients (Patients 22, 24 and
25) fulfilled the EFNS/PNS electrodiagnostic criteria of definite
CIDP (Joint Task Force of the EFNS and the PNS, 2010). Clinical
and electrophysiological features of patients in this group were
more similar to those of neurolymphomatosis than those of para-
neoplastic neuropathy, except for Patient 30, who manifested
acutely progressive sensorimotor neuropathy compatible with the
definition of Guillain-Barré syndrome (Asbury and Cornblath,
1990).

Sural nerve biopsy specimens were obtained from seven of 10
patients (Supplementary Table 1). These specimens revealed a re-
duction of myelinated fibres to varying extents. A moderate to
severe reduction of unmyelinated fibre density was also observed.
Teased-fibre preparations revealed axonal degeneration with few
demyelinating changes. Lymphomatous cell invasion was not
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observed in these cases. In Patient 25, several fibres with segmen-
tal demyelination at consecutive nodes of Ranvier were observed.
Considering the concomitant observation of axonal degeneration,
demyelination in these fibres was considered secondary to axonal
atrophy rather than primary demyelination (Dyck et al., 1981). A
representative case is described in the Supplementary material.

Polyneuropathy

These patients (Patients 31 and 32) had T cell lymphoma
(Table 1). Both patients showed a symmetrical polyneuropathy
pattern, and their electrophysiological features were characterized
by axonal involvement (Table 2, Supplementary Fig. 1 and
Supplementary Table 3). The mode of neuropathy progression
was acute in both patients, and Patient 31 became unable to
walk within 1 month, mimicking the course of Guillain-Barré syn-
drome. Paraneoplastic aetiology was suspected in this patient,
whereas the invasion of lymphomatous cells may have been pre-
sent in Patient 32, as the cytology of the CSF was positive.

Treatments and outcomes

The details of treatments and outcomes are listed in Table 3.
Immunomodulatory treatment was administered in nine of 15 pa-
tients (Patients 1-3, 5, 7, 9 and 13-15) diagnosed as having neu-
rolymphomatosis. As the diagnosis of lymphoma was delayed in
seven patients (Patients 1, 3, 5, 7 and 13~15), immunomodulatory
treatment for neuropathy was performed before antineoplastic
therapies were administrated. In Patients 2 and 9, immunomodu-
latory treatments were performed after chemotherapy.
Intravenous immunoglobulin (IV!g; 400 mg/kg/day for 5 days)
and high-dose intravenous methylprednisolone (1000 mg/day for
3 days) were administered alone or in combination. One of seven
patients responded to the IVig therapy, whereas six of the seven
patients responded to some degree to the intravenous methyl-
prednisolone. Plasma exchange was performed in Patient 7,

which was slightly effective. However, the effects of these treat-

ments were only partial and transient; therefore, repetitive treat-
ments were needed, and most patients eventually deteriorated
despite the multiple treatments.

Among patients diagnosed as having paraneoplastic neur-
opathy, two of the three patients, with features of CIDP
(Patients 17 and 18), were administered an immunomodulatory
treatment, and these patients responded well. One patient
(Patient 17) was treated with IVIg, and the other (Patient 18)
was treated with intravenous methylprednisolone. A patient with
sensory ganglionopathy (Patient 19) also responded temporarily to
immunomodulatory treatments.

For the 10 patients categorized as having ‘unclassified multiple
mononeuropathy’, Vig or intravenous methylprednisolone was
administered alone or in combination. Two of five patients treated
with IVIg therapy responded to the treatment, and two of five
patients treated with intravenous methylprednisolone therapy re-
sponded to the treatment. Among the patients categorized as
having ‘unclassified polyneuropathy’, the response to immunomo-
dulatory treatment was favourable in Patient 31, although the
recurrence of similar episodes was frequent (four times within 25
months).

Overall, the response to the immunomodulatory treatments was
better in patients with paraneoplastic neuropathy than in those
with neurolymphomatosis. The response of the patients with ‘un-
classified multiple mononeuropathy’ appeared to be similar to that
of patients with neurolymphomatosis rather than those with para-
neoplastic neuropathy.

The effect of chemotherapy on neuropathy was assessed in 21
patients. In 13 of the 21 patients treated with chemotherapy, the
neurological deficits improved after the chemotherapy for lymph-

- oma. The effect was positive in eight of the 14 patients with

neurolymphomatosis, in one of the two patients with ‘paraneo-
plastic CIDP-type', and in two of the three patients with ‘unclas-
sified multifocal mononeuropathy’. Intrathecal chemotherapy was
administered in eight patients (Patients 2, 5, 8, 11 to 13, 24 and
32). The 5-year overall survival rate was 48%. In the patients with
diffuse large B cell lymphoma, the 5-year overall survival rate was
39%.

Spontaneous pain was reported particularly in patients diag-
nosed as having neurolymphomatosis. Six patients (Patients 1, 2,
6, 13, 15 and 21) complained of severe pain that significantly
disrupted daily activities. Symptomatic therapies for pain included
the oral administration of antiepileptic drugs or tricyclic antidepres-
sants, such as carbamazepine, clonazepam, gabapentin, or imipra-
mine, which showed only partial effects. Sacral root block and
epidural block were performed in Patients 1 and 21, respectively.
Opiates were used in four patients (Patients 2, 6, 13 and 15).

Discussion

The pathogenesis of neuropathy in the patients with lymphoma is
considered diverse. Neuropathies associated with lymphoma are
broadly divided into neurolymphomatosis and paraneoplastic neu-
ropathies (Vital et al., 1990; Vallat et al., 1995; Viala et al., 2008;
Grisariu et al., 2010; Briani et al., 2011; Baehring and Batchelor,
2012). Thus far, in patients showing multiple mononeuropathies,
distal axonopathy arising from the direct invasion of lymphoma
cells into the nerve trunk or vasculitis associated with paraneoplas-
tic syndrome has been postulated to cause neuropathy, whereas
demyelinating changes arising from humoral factors have been
suspected as the major cause of neuropathy in patients showing
a symmetric polyneuropathy pattern (Viala et al., 2008). However,
the electrophysiological study presented here indicated a more
complex mixture of demyelinating and axonal changes in both
the multiple mononeuropathy and symmetric polyneuropathy
patterns.

In our study, cases with multiple mononeuropathy were more
frequent than those with symmetrical polyneuropathy, constituting
23 of 32 (72%) cases. In these cases, 13 patients (57%) were
diagnosed as having neurolymphomatosis. Among the other 10
patients manifesting multiple mononeuropathy, the similarities of
the clinical and electrophysiological features to those diagnosed as
neurolymphomatosis might suggest that the mechanisms underlying
neurolymphomatosis cases play a major role in these patients, al-
though we cannot completely rule out the possibility of the partici-
pation of paraneoplastic mechanisms in these patients. Patients with
pathologically-proven neurolymphomatosis were also included in

€107 ‘Lz AInJ uo A31SIoATH) BY] NSILN,] 01043 18 /810°s[ewnofp1oyxo ute1q//:dyy WOl papeojumoy



Table 3 Treatments and outcomes
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Table 3 Continued

AraC = Cytarabine; BMT = bone marrow transplantation; CDOX-M = Cyclophosphamide, Vincristine, Doxorubicin, Methotrexate; CDOX-M/IVAC = CDOX-M + Etoposide, Ifosfamide, Cytarabine; CHASE = Cyclophosphamide,
Cytarabine, Etoposide, Dexamethasone; CHASER = CHASE + Rituximab; CHOP = Cyclophosphamide, Doxorubicin, Vincristine, Prednisolone; CPM = Cyclophosphamide; CVAD = Cyclophosphamide, Vincristine, Doxorubicin,
Dexamethasone; DeVIC = Dexamethasone, Etoposide, Ifosfamide, Carboplatin; EPOCH = Etoposide, Prednisolone, Vincristine, Cyclophosphamide, Doxorubicin; F-ara-A = Fludarabine; INFy = Interferon y; IMVP-16/

CBDCA = Ifosfamide, Methotrexate, Etoposide, Carboplatin; L-PAM = Melphalan; PE = plasma exchange; MIT = Mitoxantrone; MST16 = Perazolin; MTX = Methotrexate; ND = not done; PBSCT = peripheral blood stem cell
transplantation; PCZ = Procarbazine; PUVA = psoralen + ultraviolet A; PSL = Prednisolone; R-CHOP = Rituximab + CHOP; R-CHP = Rituximab, Cyclophosphamide, Doxorubicin, Prednisolone; R-DeVIC = Rituximab + DeVIC; THP-
COP = Pirarubicin, Cyclophosphamide, Vincristine, Prednisolone; VCR = Vincristine; VP16 = Etoposide.

1+ and 2+ represent slight and good response to treatment, respectively.

*patients 1 to 9 were pathologically-proven neurolymphomatosis, whereas Patients 10 to 15 were FDG-PET assessed neurolymphomatosis.

**Therapy was done intrathecally.
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two of the nine cases manifesting symmetrical polyneuropathy.
Therefore, patients who showed asymmetrical features in the early
phase might develop the symmetrical polyneuropathy type as the
disease advances. In this context, neurolymphomatosis might play
amore important role in neuropathy associated with lymphoma than
previously suggested. Sural nerve biopsy is limited for the diagnosis
of neuropathy associated with lymphoma, as biopsy assesses only a
distal portion of the PNS (van den Bent et al., 1999). Notably, only
one patient with sensory ganglionopathy, which is the most common
form of paraneoplastic neuropathy (Oki et al., 2007; Koike et al.,
2011a), was included among five patients with pathologically-
proven paraneoplastic neuropathy. However, because this is a
retrospective study and only patients who were referred to the
neurological department of our institute were included, there was
a sample bias.

The characteristic findings that explain the cause of neuropathy in
most patients included lymphoma cell invasion-associated demyelin-
ation and axonal degeneration of the distal portion of the nerve
trunk. The invasion of lymphomatous cells into the nerve trunk has
been designated as neurolymphomatosis and is reported as a
characteristic feature of neuropathy associated with lymphoma
(Guberman et al., 1978). In our cases, lymphomatous cells invaded
in and around the perineurium, particularly the subperineurium.
Because the lymphatic flow is preferentially present in the subper-
ineurial space, this area has an affinity for lymphomatous cells. In
addition, the lymphomatous cell invasion continued into the endo-
neurium. Demyelination was observed at the site of lymphoma cell
invasion, and axonal degeneration occurred distal from the site of
lymphoma cell invasion. Therefore, demyelination at the site of
neurolymphomatosis might be the primary lesion, with axonal de-
generation occurring secondarily in most patients with lymphoma-
associated neuropathy. This view is supported through electro-
physiological findings showing a mixture of demye]inatihg and
axonal changes and sural nerve biopsy findings showing predomin-
ant axonal degeneration in the distal portion of the nerves. The
demyelination observed in the present study was different from
that in acute infllmmatory demyelinating polyneuropathy or
CIDP, as macrophage-mediated demyelination was not observed
in our patients (Prineas and McLeod, 1976). Because lymphomatous
cells do not directly contact myelinated fibres or Schwann cells,
humoral factors produced by the lymphoma cells close to the mye-
linated fibres likely play an important role. Future studies are needed
to identify the humoral factors that mediate this demyelination. In
addition to the reduction of the myelinated fibres, a reduction of
unmyelinated fibres was observed. Therefore, primary axonal
changes might also occur, to some extent, even in patients with
neurolymphomatosis. Considering the fairly well-preserved nerve
fibres at the site of demyelination, most axonal changes might sec-
ondarily occur distally from the site of the lymphomatous cell inva-
sion. Interestingly, proximal demyelination with distal axonal
changes, which is considered as the most common pathogenesis
of neuropathy associated with lymphoma, was observed in both B
cell and T cell types of lymphoma, although most of the patients
had B cell lymphoma. It is also interesting that even patients with
diffuse large B cell lymphoma, which was the most common type of
lymphoma in the present study, showed a diverse neuropathic

presentation, including neurolymphomatosis as well as paraneoplas-
tic demyelination and vasculitis.

The difficulty of the diagnosis of lymphoma-associated neur-
opathy deserves attention. Neuropathy can occur at any stage
of lymphoma, and neuropathic symptoms preceded the detection
of lymphoma in approximately half of our patients. Therefore,
elucidating the characteristics of neuropathy associated with
lymphoma is important because it will enable the early detection
of lymphoma and the immediate initiation of therapy for both the
lymphoma and the neuropathy itself. The diagnostic pitfalls eluci-
dated in this study include the scarcity of laboratory evidence
suggestive of the presence of lymphoma, demyelinating features
in the electrophysiological study, and the possible response to
immunomodulatory therapies. These features resulted in the phys-
icians recalling the diagnosis of Guillain-Barré syndrome or CIDP in
some of the patients, as described in the case presentation
(Supplementary material). Indeed, 11 patients in the present
study fulfilled the EFNS/PNS electrodiagnostic criteria of definite
CIDP (Joint Task Force of the EFNS and the PNS, 2010). However,
patients with neurolymphomatosis in our study were characterized
by a focality of neuropathic involvement even though the electro-
physiological features fulfilled the EFNS/PNS criteria for CIDP,
which is considered atypical (Joint Task Force of the EFNS and
the PNS, 2010). In addition, the frequent presence of spontaneous
pain in our patients would be suggestive of diseases other than
CIDP, as pain is not common in CIDP (Nasu et a/., 2012). Pain has
also been frequently reported in patients with neurolymphomato-
sis (Grisariu et al., 2010; Baehring and Batchelor, 2012).

Currently, FDG-PET is the most sensitive and specific imaging
technique available for patients with lymphoma (Cheson, 2011).
In our study, a whole-body FDG-PET was useful for the detection
of lymphoma in five of the six patients with lymphoma not
observed through conventional means. With respect to patients pre-
viously diagnosed as having lymphoma, five of the six patients were
positive in the FDG-PET study. Therefore, we should consider that
FDG-PET does not necessarily reveal lymphoma in all patients. Case
reports suggested the usefulness of this technique in the detection
of neurolymphomatosis even in patients with negative MRI, CSF, or
bone marrow analysis findings (Salm et al., 2012). However, the
specificity of FDG-PET study in the diagnosis of neurolymphomato-
sis (e.g. differentiation from neurolymphomatosis to CIDP) has not
yet been established. In our study, FDG-PET was performed in a
patient with paraneoplastic CIDP-type neuropathy (Patient 17). In
this patient, no accumulation of FDG was observed in the PNS,
although the presence of lymphoma was detected in the iliopsoas
muscle.

Serum-soluble interleukin-2 receptor levels offer a rapid, reliable
and non-invasive measure of disease activity and response to ther-
apy in a broad spectrum of conditions associated with B or T celf
immune activation, including lymphoma (Rubin and Nelson,
1990). Therefore, interleukin-2 receptor is used as an indicator
for lymphoma in clinical practice, although it is not specific.
Seventeen of the 24 examined patients (71%) showed elevated
levels of serum soluble interleukin-2 receptor. Therefore, a high
level of serum-soluble interleukin-2 receptor might lead to a sus-
picion of the concomitance of lymphoma in a patient with
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neuropathy, although a normal level does not exclude the possi-
bility of lymphoma.

Immunomodulatory treatment was more or less effective, par-
ticularly in the early phase of neuropathy, even in patients with
neurolymphomatosis, potentially leading to the misdiagnosis of the
cause of neuropathy. Because antineoplastic therapy is essential
for the treatment of lymphoma, early diagnosis is necessary for
neuropathy associated with lymphoma. The presence of the high
degree of axonal loss irrespective of the type of neuropathy might
also support this view. However, the response to the immunomo-
dulatory treatments appeared to be better in patients with para-
neoplastic neuropathies than in those with neurolymphomatosis;
thus, immunomodulatory treatment before, during, or after anti-
neoplastic therapy might also be beneficial for paraneoplastic
neuropathy. The outcome determined by the 5-year survival rate
in patients with non-Hodgkin's lymphoma with CNS involvement
is generally poor, ranging from 14-20% (Hollender et al., 2000;
Kridel and Dietrich, 2011). In contrast, the outcome of neuropathy
associated with lymphoma was better in our study, although the
outcome was poorer than that for lymphoma overall (The Non-
Hodgkin's Lymphoma Classification Project, 1997; Feugier et al.,
2005).

In conclusion, patients with lymphoma can manifest various
neuropathic patterns, and neurolymphomatosis is the major
cause of neuropathy. Demyelination unrelated to macrophages
at the site of lymphomatous cell invasion and axonal degeneration
distal from the site of the lymphomatous cell invasion were the
most brominent pathologies of this type of neuropathy. The mis-
diagnosis of neurolymphomatosis as CIDP is frequent due to the
presence of a demyelinating pattern and the initial response to
immunomodulatory treatments in patients with neurolymphoma-
tosis. The possibility of the concomitance of lymphoma should be
actively considered in various types .of neuropathy even if the
neuropathy meets the diagnostic criteria of CIDP, particularly in
patients complaining of pain.
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_Neurodegeneration:

Spreading of amyotrophic lateral sclerosis

lesions—multifocal hits and local propagation?
Teruhiko Sekiguchi,” Tadashi Kanouchi, Kazumoto Shibuya,? Yu-ichi Noto,”

Yohsuke Yagi,> Akira Inaba,® Keisuke Abe,” Sonoko Misawa,® Satoshi Orimo,®
Takayoshi Kobayashi,” Tomoyuki Kamata,” Masanori Nakagawa,* Satoshi Kuwabara,?

Hidehiro Mizusawa," Takanori Yokota'

ABSTRACT ,
Objective To investigate whether or not the lesions in
sporadic amyotraphic lateral sclerosis (ALS) originate
from a single focal onset site and spread contiguously by
prion-like cell-to-cell propagation in the rostrocaudal
direction along the spinal cord, as has been
hypothesised (the single seed and simple propagation’
hypothesis).

Methods Subjects included 36 patients with sporadic
ALS and initial symptoms in the bulbar, respiratory or
upper limb regions. Abnormal spontaneous activities in
needle electromyography (nEMG)—that is, fibrillation
potentials, positive sharp waves (Fib/PSWs) or
fasciculation potentials (FPs)—were compared among
the unilateral muscles innervated by different spinal
segments, especially between the T10 and L5 paraspinal
muscles, and between the vastus medialis and biceps
femoris. Axon length and the proportion of muscle fibre
types, which are both related to motoneuronal
vulnerability in ALS, are similar in the paired muscles.
Results Fourteen of 36 patients showed a
non-contiguous distribution of NEMG abnormalities from
the onset site, with skipping of intermediate segments.
In eight of them, the non-contiguous pattern was
evident between paired muscles with the same
motoneuronal vulnerability. The non-contiguously
affected lumbosacral lesions involved motoneuron
columns horizontally or radially proximate to one
another, appearing to form a cluster in four of the eight
patients. FPs, known to precede Fib/PSWs, were shown
more frequently than Fib/PSWs in all the lumbosacral
segments but L5, suggesting that 2nd hits occur at L5
and then spread to other lumbosacral segments.
Conclusions In sporadic ALS, the distribution of lower
motoneuron involvement cannot be explained by the
'single seed and simple propagation’ hypothesis alone.

" We propose a ‘multifocal hits and local propagation’

hypothesis instead.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an incurable
progressive neurodegenerative disease in which
both the upper (UMN) and lower motoneurons
(LMN) are diffusely involved at the end. Recent
biological studies have demonstrated the remark-
able concept of ‘prion-like propagation’ of patho-
genic proteins, such as tau or o-synuclein, in
neurodegenerative diseases.! * According to this

hypothesis, the pathogenic proteins are transferred
from diseased cells to neighbouring healthy cells;
this intercellular transfer then leads to spreading of
the lesion. In ALS, in vitro studies have indicated
that newly formed aggregates of SOD1, TDP-43 or
toxic RNA conformation can act as templates for
the subsequent misfolding of the respective native
proteins,®™ and that aggregated SOD1 can be inter-
cellularly transferred in cultured cells.® These
suggest that the mechanism of prion-like cell-to-cell
propagation also underlies the progression of ALS.

The clinical symptoms of most ALS patients start
focally, which had already been confirmed both
electrophysiologically” and pathologically.® * As we
have reviewed in the previous article,'® recent clin-
ical observations have demonstrated that the clin-
ical symptoms spread contiguously from the onsets
into the following broadly divided body regions:
the bulbar region, upper limbs, trunk and lower
limbs.**"** This has prompted us to suppose that
ALS lesions simply propagate from a single ‘seed’
to adjacent cells in a domino-like manner (e, the
‘single seed and simple propagation’ hypothesis).
Alternatively, it can rest on anatomical proximity
with the spreading of ALS lesion from the onset
site by diffusion of soluble toxic factors in the
extracellular matrix.'® On the other hand, up to
about 30% of sporadic ALS patients have also been
found to show non-contiguous spread of symptoms
from the bulbar region to the lower limbs or vice
versa, skipping the upper limbs and trunk.** 6
However, compensatory re-innervation by the
remaining motoneurons can mask the manifestation
of clinical signs until more than one-third of the
LMNs for a. given muscle are lost.?” Therefore,
whether the lesions actually spread non-
contiguously among the spinal segments remains
unclear.

Needle electromyography (nEMG) can sensi-
tively detect LMN involvement from each segment
separately, even in the presymptomatic stage. For
this reason, it is a powerful method for investigat-
ing whether or not ALS lesions spread contiguously
along the spinal segments. In this study, we used
nEMG in the early stage of ALS to demonstrate
that LMN involvement cannot be necessarily
explained by the ‘single seed and simple propaga-
tion’ hypothesis. We then propose a hypothesis of
‘multifocal hits and local propagation.’
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SUBJECTS AND METHODS

Subjects

We designed this study to investigate whether LMN involvement
in sporadic ALS spreads contiguously in the rostrocaudal direc-
tion from the onset site. Therefore, of 66 consecutive patients
with suspected ALS referred to our hospitals from March 2011
to April 2012, 14 patients with lower limb onset were excluded.
One patient with a family history of ALS was also excluded.
Forty-two of the remaining 51 patients met the revised El
Escorial criteria'® for clinically definite, clinically probable or
clinically probable laboratory-supported ALS, although two
patients were excluded because their MRIs indicated lumbar
spinal disease, which can influence the results of nEMG. Thus,
40 sporadic ALS patients with bulbar, upper limb, or respiratory
symptoms at onset were ultimately included in this study. None
of these 40 patients had diabetes or any other complicating neu-
ropathies, which were confirmed by nerve conduction studies
(performed on their unilateral median, ulnar, tibial, peroneal
and sural nerves).

Selection of muscles to be examined
Motoneurons with longer axons,'® 2° larger motoneurons® and
fast-fatigable motoneurons®! have been described as more vul-
nerable to damage from ALS. If the pathological process begins
at the same time in individual motoneurons with different
degrees of vulnerability, then motoneurons that are more vulner-
able will degenerate faster than those that are more resistant.
Thus the pattern of nEMG abnormalities should be influenced
by differences in motoneuronal vulnerability. Therefore, to
establish adequate milestones for lesion spreading, we selected
two pairs of muscles innervated from different spinal segments
but with similar degrees of motoneuronal vulnerability; that is,
the length of the innervating motor axons and the ratio of type
I muscle fibres differ little between the paired muscles (see
online supplementary figure S1). One pair—T10 paraspinalis
(T10PS; type I fibre ratio: 62.0% in men, 67.8% in women)
and L5 paraspinalis (LSPS; 63.6-65.0%)—was selected from the
trunk.”* The other pair—the deep layer of the vastus medialis
(VM) (innervating segment: 1L3/4; type I fibre ratio: 61.5%) and
the long head of the biceps femoris (BF; L5/S1, mainly S1;
66.9%)—was selected from the thigh.>>%7

If a focal ALS lesion spreads contiguously in the rostrocaudal
direction along the spinal segments, nEMG abnormalities in the
paired muscles should be found in the muscle innervated by the
rostral segment earlier than in the muscle innervated by the caudal
segment (the ‘contiguous pattern’ in online supplementary figure
S1). On the other hand, if the abnormalities are observed only in
the muscle innervated by the caudal segment while the muscle of
the rostral segment remains intact (the ‘non-contiguous (skipping)
pattern’ in online supplementary figure S1), the results cannot be
attributed to differences in motoneuronal vulnerability. We also
examined the first dorsal interosseous (FDI; mainly innervating
segment: C8), L3 paraspinalis (L3PS), rectus femoris (RF; L3/4),
tibialis anterior (TA; L4/5, mainly L5) and medial head of the
gastrocnemius (GC; $1/2, mainly $1).23726

Needle electromyography

Spontaneous EMG activities were detected with a conventional
concentric needle electrode (recording surface area: 0.3 mm?) in
the above-mentioned muscles on the ipsilateral side of symptom
onset in the upper limb onset patients and on the right side in
the patients with bulbar or respiratory onset. For evaluation of

paraspinal muscles, we examined the multifidus muscles, which
are innervated by a single segment.?®

Fibrillation potentials and positive sharp waves (Fib/PSWs)
were explored at 10 different sites in each muscle. Fib/PSWs
were diagnosed to be pathological only when they were identi-
fied at more than two different sites within the muscle. The fas-
ciculation potential (FP) was defined as a potential that was
similar in shape to the motor unit potential (MUP) and fired in
a highly irregular pattern, often with a clustering of discharges.
We identified FPs only when potentials of the same shape
appeared at Jeast twice. To detect FPs, we observed spontaneous
activity at one site in each muscle for 60-90 s, which is suffi-
ciently long enough to confirm the reproducibility of FPs.2® Any
persistence of voluntary MUPs was considered to render the
identification of FPs impossible. We considered the examined
muscles to be involved if Fib/PSWs, FPs or both were observed.
Considering their higher objectivity beyond multicentre and
burdens of patients, only spontaneous activities were adopted to
prove LMN involvements in this study.

All EMG examinations were performed by proficient electro-
myographers with at least 5 years of professional EMG experi-
ence (TS, TK, KS and YN).

Data analysis

Frequencies of the presence of abnormal spontaneous EMG
activity were compared among the examined muscles by per-
forming multiple comparisons with Fisher’s exact probability
test and the p value adjustment method of Holm. p Values less
than 0.05 were considered to be significant.

Standard protocol approvals, registrations and patient
consents

The local ethics committees of Tokyo Medical and Dental
University School of Medicine, Chiba University Graduate
School of Medicine, Kyoto Prefectural University of Medicine,
Musashino Red Cross Hospital, Kanto Central Hospital and
Nakano General Hospital approved this study. All patients gave
us informed consents for the procedures.

RESULTS

Of the 40 patients with sporadic ALS included in this study, we
ultimately analysed data from 36 patients (23 men, 13 women)
because sufficient data for the paired paraspinal and thigh
muscles were not obtained in 4 patients. The ages of 36 patients
ranged from 41 years to 79 years (mean 63.3). The diagnoses
were definite ALS in 8 patients, probable in 14 and
probable-laboratory-supported in 14 according to the revised El
Escorial criteria. Symptom onset occurred in the bulbar region
in 10 patients, in the upper limb in 25 patients and as respira-
tory symptoms in 1 patient. The mean duration from symptom
onset to the nEMG study was 16.9 months (range 3-84).

The full nEMG data for the 36 patients are shown in figure 1,
online supplementary figure S2A,B. Abnormal spontaneous
EMG activity was present in the FDI of all 36 patients. The dis-
tribution patterns of nEMG abnormalities among the spinal seg-
ments could be divided into three types: diffuse, contiguous and
non-contiguous (skipping) patterns. The diffuse pattern was
observed in 19 patients (539%); of these, 13 (patients 1-13)
showed abnormal nEMG findings at all examined muscles and 6
(patients 14-19) showed abnormalities at every examined spinal
segment, although not at all muscles. The contiguous pattern
was found in three patients (8.3%; patients 20-22) in whom
abnormal findings were detected in all examined segments
except S1—the most remote segment from the onset site. One
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Distribution patterns of needle electromyography (nEMG) abnormality in all patients. Closed squares: abnormal spontaneous EMG

activity present. Open squares: abnormal spontaneous EMG activity absent. Squares with oblique line: data not available. (A) Diffuse pattern. (B)
Contiguous pattern. (C) Non-contiguous (skipping) pattern. Note that the rostrally absent and caudally present spontaneous activity pattern between
paired muscles with the same motoneuronal vulnerability is evident in the paraspinal muscle pair (green, patients 23-27) and the thigh muscle pair
(red, patients 27-30) in 8 of 14 patients with the skipping pattern. The non-contiguous (skipping) pattern was present in both muscle pairs in

patient 27.

of these three patients (patient 22) also showed the contiguous
pattern in the thigh muscle pair; that is, an abnormality was
evident in VM but not in BE The non-contiguous (skipping)
pattern was found in 14 patients (39%; patients 23-36), in
whom abnormal spontaneous activities were detected from C8
to more caudal segments with skipping of intermediate seg-
ments such as T10 or L3/4. Representative nEMG findings of
the non-contiguous pattern in a patient with bulbar onset
(patient 27) are shown in figure 2.

Eight of the 14 patients also exhibited the non-contiguous
pattern in the paired muscles; of these, five (patients 23-27)
showed the pattern in the paraspinal muscle pair (involvement
of L5PS with skipping of T10PS) (table 1A), four (patients 27—
30) showed the pattern in the thigh muscle pair (involvement of

FDI

L3PS M
T10 |
L3/4
L5
31
200 pl | S
0ms  ————

Figure 2 Representative needle electromyography (nREMG) finding in
the patient with non-contiguous pattern. nEMG finding of patient 27
whose onset was bulbar symptoms. Positive sharp waves (first dorsal
interosseous (FDI), L5PS and tibialis anterior (TA)) or a fasciculation
potential (biceps femoris (BF)) are present with skipping of the muscles
innervated by intermediate segments. Note that the non-contiguous
(skipping) distribution pattern is evident between the muscles of the
paraspinal {T10PS and L5PS) and thigh (vastus medialis (VM) and BF)
pairs. Red type indicates nEMG abnormalities.

BF innervated by S1 with skipping of VM innervated by 1.3/4)
(table 1B). One of the eight patients (patient 27) showed this
pattern in both pairs.

In order to consider whether there is a local propagation of
the non-contiguously affected lumbosacral lesion, we used sche-
matics to examine the anatomical distributions of the involved
motoneuron pools of the lumbosacral muscles in the eight
patients who exhibited the skipping pattern in the paired
muscles (figure 3).272¢ 30 31 The inyolved motoneuron pools
were located in close horizontal or radial proximity to one
another in five patients (patients 26-30) and appeared to form
a cluster in four patients (patients 27-30). By contrast, the
involved motoneuron pools were not horizontally contiguous in-
two patients (patients 24-25). The one remaining patient
(patient 23) had only one lesion in the lumbosacral muscles.

Excluding FDI, which was involved in all patients, the per-
centage of patients with nEMG abnormalities was the highest in
TA (13/17, 76.5%) and LSPS (11/17, 64.7%) and was the
lowest in RF and VM (2/17, 11.8%) (figure 4). Pairwise compar-
isons among the muscles showed statistically significant differ-
ences in proportions between the muscles innervated by 13/4
and LS: RF and TA (p=0.01), RF and LSPS (p=0.03), VM and
TA (p=0.01), and VM and L5PS (p=0.03). There were no
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Figure 3 Schematic diagrams of motoneuron pools of the examined muscles in the lumbosacral cord (A) and their patterns of involvement in eight
patients showing the non-contiguous (skipping) pattern in the paired muscles (patients 23-30). The locations of motoneuron pools innervating each
muscle were taken from refs 22726 30 and 3'; Note that the involved motoneuron pools (darkly shaded) appear to neighbour one another in
3-dimensional anatomy, and appear to form a cluster for four patients (patients 27-30) in particular. VM (orange column), vastus medialis deep
layer; RF (orange column), rectus femoris; L3 PS (upper red column), paraspinal muscle at L3 level; TA (pink column), tibialis anterior; L5 PS (lower
red column), paraspinal muscle at L5 level; BF (green column), biceps femoris long head; GC {yellow column), gastrocnemius medial head.
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Figure 4 Frequency of needle electromyography abnormality of each
muscle in the patients with contiguous and non-contiguous distribution
patterns. With the exception of first dorsal interosseous (FDI) which, as
the most rostral muscle, was affected in all patients, the highest
frequencies were found in the muscles innervated by L5 and the lowest
in the muscles innervated by L3/4. The differences were statistically
significant (p<0.05, Fisher's exact probability test using the p value
adjustment method of Holm). Note that the frequencies are almost
same between L5PS and tibialis anterior (TA).

statistically significant differences in other pairs of muscles
except those including FDI.

We also investigated and compared the frequency of Fib/
PSWs and that of FPs in every muscle of all included patients
(figure S). Fib/PSWs were more frequently observed than FPs in
FDI (C8), which was the onset region in most of the included
patients. To the contrary, FPs were dominantly observed than
Fib/PSWs in RF or VM (L3/4) and BF or GC (S1), away from
the onset region. However, TA and LSPS, both of which are
innervated by L5, showed Fib/PSWss less rarely than FPs.

DISCUSSION

We investigated whether the involvement of LMNs in sporadic
ALS spreads contiguously in the rostrocaudal direction from the
onset site. If prion-like propagation underlies the progression of
ALS and the disease pathology in the first focal lesion propa-
gates to adjacent cells in a cell-to-cell domino-like manner (the
‘single seed and simple propagation’ hypothesis) (see online sup-
plementary figure S3A), involved LMNs should be distributed
contiguously from the onset site.

Our nEMG study revealed that more than 50% of patients
showed diffuse patterns. They showed weakness or muscle
atrophy in lumbosacral regions more frequently than the rest
(79% vs 29%). Therefore, they seemed to be in later stages of
the disease.
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Figure 5 The comparison of frequencies between fibrillation
potentials, positive sharp waves (Fib/PSWs) and fasciculation potentials
(FPs) of each muscle in all patients. Blue bar: Fib/PSWs, Red bar: FPs.
FPs, known to precede Fib/PSWs, were shown more frequently than Fib/
PSWs in the all lumbosacral segments but L5, suggesting that L5
segment was involved earlier than other lumbosacral segments.

In 14 of 17 patients, after excluding patients with the diffuse
pattern, the abnormalities were distributed non-contiguously
from the onset site, with skipping of intermediate spinal seg-
ments. The non-contiguous distribution of nEMG abnormalities
may merely represent false-negative nEMG results in the
‘skipped’ segments where LMNs have in fact been involved.
Two kinds of false negatives are conceivable: that based on
methodological limitations, and that due to the time lag from
molecular disease onset. First, given that a needle electrode has
a limited pick-up area, evaluating all motor units (MU) in a
muscle is practically impossible. Second, a time lag must exist
because many molecular changes occur before they reach a
threshold at which spontaneous EMG activities can be detected.
Individual LMNs have different vulnerabilities in ALS;? %!
more vulnerable LMNs will degenerate faster than more resist-
ant ones even if the pathological molecular process begins sim-
ultaneously. Therefore, the failure to detect abnormal EMG
activities in skipped spinal segments may simply have been
caused by the lower vulnerability of neurons at these sites, if less
vulnerable LMNs are radially sandwiched by the highly vulner-
able LMNs of more rostral and caudal segments.

However, we consider it unlikely that they alone could
produce the non-contiguous pattern. The sensitivities for detect-
ing spontaneous EMG activity should be very similar in the two
thigh muscles (VM and BF) and in the paraspinal muscles (T10
and LS) we examined. First, this is because the total number of
insertions was fixed in every muscle by the same examiner.
Second, the motoneuronal vulnerabilities as well as the sensitiv-
ities are expected to be nearly identical between the paired
muscles because the lengths of their innervating motor axons
are very similar and they have similar proportions of type I/II
muscle fibres. Taken together, the probability of false negatives
should be nearly same between the paired muscles. Therefore,
the segmental distribution of ALS lesions can be non-contiguous
along the spinal cord in the early stage of the disease (see online
supplementary figure S3B).

Krarup claimed that abnormal spontaneous activities in
nEMG are not as sensitive as changes in MUPs.>* We have
searched these chronic neurogenic changes in VM/RF of the
four patients who showed non-contiguous pattern in thigh pair
of muscles. Although one patient (patient 28) showed

polyphasic MUPs in RE, the other three patients are still classi-
fied as non-contiguous pattern with evaluating chronic changes,
and therefore, our conclusion remains unchanged. In fact,
which kind of neurogenic changes appears the earliest in nEMG
of ALS patients still remains controversial. Recently, de
Carvalho et al*® have reported that FPs are the earliest changes
in ALS patients.

Both the spreading mechanisms of toxic factors, namely,

“simple diffusion of soluble toxic factors and cell-to-cell propaga-

tion from the only onset site are inconsistent with these non-
contiguous distributions. The former mechanism should show
abnormalities in anatomically proximal segments to onsets such
as T10/L3 earlier than L5/S1. Assuming the latter mechanism, it
is important to note that the lateral motor columns of the anter-
ior horn innervating distal limb muscles are not structurally con-
tiguous between the cervical and lumbosacral spinal cords.>® By
contrast, the medial motor column, which innervates axial
muscles, extends contiguously from the lower medulla to the
lumbar spinal cord. This indicates that regional spread from FDI
to TA needs to have three steps; (1) disease transfer from lateral
to medial motor column in cervical segment, (2) caudal propa-
gation along the medial column and (3) disease transfer from
medial to lateral motor column in lumbosacral segments. If ALS
lesions spread along the medial column in the rostrocaudal dir-
ection by cell-to-cell propagation, our results showing the skip-
ping of T10PS or L3PS in 11 of the 14 patients with
non-contiguous pattern cannot be explained. Taken together,
whatever mechanisms can underlie the consequent spread, we
conclude that ALS progression is not explained by single onset
site, but by multiple onset sites. This speculation is consistent
with the fact that there are ALS patients who have onsets in two
regions simultaneously.**

Rostral lesions were found to spread significantly more fre-
quently to the TA and LSPS than 13/4 inpervating muscles.
Other investigators also demonstrated that abnormal spontan-
eous EMG activities were detected more frequently at the TA
than at the quadriceps in ALS.3* 35 It is noteworthy that the
L5PS was also highly involved in our study. Some electromyo-
graphers claim that the paraspinalis at the lower lumbar spine
may show Fib/PSWs even in healthy subjects.>® However, Fib/
PSWs were not detected in normal subjects who did not have
any abnormality of the lumbar spine on MRIL>” and we also
selected ALS patients without lumbar spine abnormalities on
MRI. The fact that the involvement was almost identical
between the TA and L5PS was unexpected, although a previous
report showed a similar result in the early stage of ALS,*
because LMNs of L5PS are generally considered less vulnerable
than those of TA in ALS; LMNs innervating paraspinal muscles
have shorter axons and smaller cell bodies than LMNs innervat-
ing distal muscles. These considerations imply a horizontal
spread of ALS pathology from the more vulnerable neurons
innervating the TA to the less vulnerable neurons innervating
the L5PS within the LS segment.

Another possible explanation for the frequent involvement of
LMNs in the TA and L5PS is that LS itself as a segment might
be more vulnerable to ALS than other lumbosacral segments.
ALS patients have lumbar spondylosis more frequently than the
general population at corresponding ages,” #° although lumbar
spondylosis was carefully excluded in our study by detailed MRI
examinations. The L5 segment accounted for 90.3% of 112 ver-
tebrae in Japanese patients with lumbar spondylosis.*® Daily
repetitive movements of the lumbar spine may cause weight-
bearing biomechanical stresses particularly on LS, possibly indu-
cing chronic minor trauma of the nerve root. Experimentally,
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injuries to the anterior root have been demonstrated to produce
mislocalisation of TDP-43 in spinal motoneurons.** These con-
siderations suggest an LS segmental vulnerability to ALS lesions,
but among cervical segments, the segment C8 innervating FDI
which is the most vulnerable in ALS,” ® 10 3* is different from
the segment that is commonly affected in cervical spondylosis.**

Kiernan and his colleagues have reported that cortical hyper-
excitability is an early feature in ALS, and UMN and LMN dys-
function coexists.*> We cannot take account of the influence of
UMN impairments by spontaneous EMG activities we have
investigated, hence we reviewed the clinical UMN features of
the 14 patients who showed ‘non-contiguous pattern’ at nEMG
examination (see online supplementary table S1). We can
assume that they should show UMN features in both onset and
lumbosacral regions if the non-contiguous pattern of nEMG is
driven by the preceding UMN involvements. However, our
results showed no UMN features were revealed in cervical
regions in five patients (patients 23, 24, 30, 32, 35) and in lum-
bosacral regions in three patients (patients 24, 30, 33), neither.
This result indicates the existence of some skipping mechanisms
of LMN involvements regardless of UMN in propagation of
ALS. On the other hand, UMN features were widespread in the
rest of the patients of non-contiguous pattern. Especially, hyper-
reflexia was simultaneously shown in both patella tendon (quad-
riceps femoris; L3/4) and Achilles tendon (GC and soleus; S1)
to almost the same degree even in the patients with L3/4 skip-
ping pattern. From these findings, we could not indicate that
cortical hyperexcitability is driving the non-contiguous spread
of LMN involvement in ALS. However, it is well documented
that cortical hyperexcitability evaluated by short intracortical
inhibition with threshold tracking transcranial magnetic stimula-
tion techniques precedes clinical UMN features,*® which is sup-
ported by the neuropathological examination that 50% of
progressive muscular atrophy patients had pyramidal tract
degeneration.** Therefore, more detailed electrophysiological
analysis is needed for elucidating the role of upper motor
neuron dysfunction on this non-contiguous spread, because it is
a potential target of therapeutic intervention, especially rilu-
zole® 46

FPs are considered to appear in the muscles which are in the
earlier stage of involvement and are involved more slightly, espe-
cially the muscles which is located away from onset region, while
Fib/PSWs tend to appear later than FPs and tend to appear in the
onset muscle.®* 33 47 The fact that only L5 innervating muscles in
the lumbosacral regions show Fib/PSWs less rarely than FPs sug-
gests that L5 segment is involved at first in the lumbosacral regions
and then neighbouring segments are subsequently involved.

We also analysed the anatomical distribution of the involved
motoneuron pools of the lumbosacral segments in the eight
patients with non-contiguously affected lumbosacral lesions.
The involved motoneuron pools were located in close proximity
to one another horizontally or radially, appearing to form a
cluster in four patients. Local propagation of pathology between
motor columns can exist after the second hit in the lumbosacral
cord following the first hit at the rostral onset site (see online
supplementary figure S3B). If it is true, for explanation for hori-
zontal spread between distinct motor columns, we have to
assume a different mechanism from neuron-to-neuron protein
transfer; for example, diffusion of a secreted toxic soluble factor
or glia-to-neuron interaction which is known in the mutant
SOD1 transgenic mouse*® may play a role in a transmission
between motor columns.

In conclusion, the results of our prospective study and
detailed nEMG results in 36 ALS patients showed that LMN

involvement in many early stage ALS patients was distributed
non-contiguously in the rostrocaudal direction of the spinal seg-
ments, indicating that the onset site is not single even with con-
sideration of difference in motoneuronal vulnerability. On the
other hand, local involvements of the anterior horn lesions
tended to be formed as some clusters, and therefore, we here
propose ‘multifocal hits and local propagation’ as a new hypoth-
esis for one of the mechanisms of ALS progression.
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Many biomechanical studies investigated pathology of flatfoot and effects of operations on flatfoot. The
majority of cadaveric studies are limited to the quasistatic response to static joint loads. This study
examined the unconstrained joint motion of the foot and ankle during stance phase utilizing a dynamic
foot-ankle simulator in simulated stage 2 posterior tibial tendon dysfunction (PTTD). Muscle forces were
applied on the extrinsic tendons of the foot using six servo-pneumatic cylinders to simulate their action.
Vertical and fore-aft shear forces were applied and tibial advancement was performed with the
servomotors. Three-dimensional movements of multiple bones of the foot were monitored with a
magnetic tracking system. Twenty-two fresh-frozen lower extremities were studied in the intact
condition, then following sectioning peritalar constraints to create a flatfoot and unloading the posterior
tibial muscle force. Kinematics in the intact condition were consistent with gait analysis data for
normals. There were altered kinematics in the flatfoot condition, particularly in coronal and transverse
planes. Calcaneal eversion relative to the tibia averaged 11.1 & 2.8° compared to 5.8 = 2.3° in the normal
condition. Calcaneal-tibial external rotation was significantly increased in flatfeet from mean of 2.3 & 1.7° to
8.1 +£4.0°. There were also significant changes in metatarsal-tibial eversion and external rotation in the
flatfoot condition. The simulated PTTD with flatfoot was consistent with previous data obtained in patients
with PTTD. The use of a flatfoot model will enable more detailed study on the flatfoot condition and/or effect

of surgical treatment.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there have been multiple reports related to
posterior tibial tendon dysfunction (PTTD). PTTD is a common
cause of acquired flatfoot deformity in adults; the condition may
reach a prevalence of 10% in elderly women [1]. Most of the clinical
investigations reported the effects of various operations to correct
PTTD and flatfoot deformity, but in vitro and radiologic studies
have also been published [2-5]. The optimum management of
stage 2 PTTD [2] in which there is a mobile flatfoot has been a
subject of debate for more than two decades. There are questions
regarding the pathoanatomy of the deformity resulting from
tendon dysfunction. A comprehensive understanding of the
flatfoot malalignment will lead to more effective techniques for
correcting it.

Previous investigators recognized the importance of defining
the flatfoot and quantitating the degree of deformation [6]. Clinical

* Corresponding author at: Mayo Clinic, 200 First Street SW, Rochester, MN
55905, USA. Tel.: +1 507 538 1717; fax: +1 507 284 5392.
E-mail address: an@mayo.edu (K.-N. An).
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measurements such as arch height have been used, but were not
consistent between examiners [6]. Radiologic measurements of
flatfoot have been performed in patients with PTTD [4,5]. Analysis
of foot prints and ground reaction data in flatfeet have been
reported [7]. Previous reports determined the contribution of
various static elements in supporting the arch [8]. Others indicated
that the posterior tibial tendon (PTT) plays a role in the dynamic
support of the arch [3]. Most of these previous reports were in vitro
studies with static loading of specimens. Recent gait analysis
studies have revealed kinematics changes of the foot between
normal and flatfoot [9-12]. In vitro, dynamic joint simulators have
been developed recently for foot/ankle as well as other joints and
applied for biomechanical studies of pathological situations of
foot/ankle problems [13-19]. However, there have not been any
publications, to our knowledge, detailing the three-dimensional
kinematics of the flatfoot during simulated walking of the entire
stance phase of gait.

We developed a dynamic foot-ankle simulator capable of
recreating the stance phase of gait in cadaveric lower extremities
[15]. It allows simulation of functional activities by allowing
unconstrained motion of the foot and ankle while simultaneously
applying time-histories of forces that affect the foot. A dynamic
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simulator will be useful for improving our understanding of the
mechanical behavior of the flatfoot compared to the normal foot.
The purpose of the study was to examine unconstrained joint
motion of the foot and ankle during stance phase in cadaveric
lower extremities with simulated PTTD with flatfoot deformity
utilizing a dynamic foot-ankle simulator.

2. Methods

Twenty-two fresh-frozen lower extremities were evaluated after gross visual
screening for preexisting abnormalities of the foot. The mean age of the specimens
was 78 years old (range, 47-95). Five were female, 17 male. Fourteen specimens
were left feet and eight were right. The institutional research ethics committee
reviewed and approved the study.

The custom simulator was able to subject cadaveric foot and ankle specimens to
specified time-histories of normative ground reaction forces (GRF), and tendon
loading based on physiological cross-sectional area (PCSA) and electromyography
(EMG) data. Adjustments were made the initial muscle force profiles to match
normal patterns of calcaneal-tibial angles and gross forefoot motion, while allowing
totally unconstrained joint motions. The inputs were the forward tibial motion,
fore-aft shear loading, tibial loading, and muscle loading. The outputs were
measured foot reaction (force and center-of-pressure advancement) and joint
kinematics. Since few biomechanical models were available for this hybrid (load
and motion) control systern, the tibial loading was prescribed to the normal vertical
GRF profile as an approximation using a closed-loop servomotor so as to match the
normal vertical GRF despite the disturbances from the muscle loading actuators.
Ankle joint kinematics was controlled by muscle loading, which was initially
targeted from the muscle gain, PCSA, and EMG data for each muscle group.

The leg specimen, amputated at the mid-tibial level, was potted in an acrylic
plastic tube with polymethylmethacrylate cement, and fixed on the tendon loading
unit {Fig. 1) [15]. The tendon-loading unit, consisting of six pneumatic cylinders,
was connected through a linear ball screw to the servomotor tibial angle control
unit, and through a hinge joint to the vertical loading unit. All the above units
created a four-bar rocker configuration to control the angle of the loading unit or
tibia relative to the ankle joint during the simulation. The vertical-loading unit,
mounted on the frame, was connected to a linear slide powered by a linear ball
screw and servomotor. This servomotor axis provided loading along the tibial axis
by moving both the vertical loading unit and tendon loading unit onto the force
plate, The sole of the foot contacted the custom-made force plate, which recorded
the simulated vertical GRF. The bearing plate beneath the force plate allowed the
relative forward translation of the foot and ankle and accommodated the
anteroposterior shear force [20] by coupling the plate to another closed-loop
servo axis. Most structures were built using non-metallic tubing or acrylic plastics,
to minimize any interference with the magnetic tracking system.

The tibial angle control upit translated the tibial motion between 20° anterior
and 40” posterior to vertical [21]. During testing, the tibial angle was monitored by a
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Fig. 1. Schematic drawing of the dynamic foot/ankle simulator.

potentiometer. The tibial angle was used to determine the percentage of stance
phase from the tibial angle history profile [21]. The estimated percent stance phase
was used to prescribe the tendon and tibial loading [20,21]. The extrinsic muscles
acting on or around the ankle were divided into six functional units: gastrocnemius-
soleus, PTT, flexor hallucis longus-flexor digitorum longus, anterior tibial, extensor
hallucis longus-extensor digitorum longus, and peroneus longus-peroneus brevis. A
total of six pneumatic cylinders driven by servo-pneumatic valves were used to
apply loads to the tendons. Sutures were attached to each tendon using a modified
Krackow technique except for the Achilles tendon, which was sutured using a
Leeds-Keio artificial ligament (Ellis Developments, Nottingham, UK) to sustain the
comparable physiological loading. A uniaxial load cell was connected to each
cylinder to monitor the load feedback signal to an IBM PC. A custom-written
program (LabVIEW®, National Instruments, Austin, TX) was used for control and
kinetic data acquisition. Tendon loads were estimated from PCSA and EMG data in
the literature [20,22]. A linear EMG and force relationship was assumed [23,24]. An
unknown muscle gain K and the corresponding cross sectional area (PCSAi) were
muitiplied by the relative EMG data (EMGI) to provide absolute forces to each
cylinder (Fi=K x PCSAi x EMGi). To determine the unknown muscle gain or muscle
stress, simulations were repeated until the gross foot-ankle kinematics matched
reasonably well to the stance phase center-of-pressure and motion patterns, while
the gain of the muscles was simultaneously adjusted. The applied vertical and fore-
aft loads were reduced for the cadaver feet due to the limited suture strength and
age of the specimens.

Each specimen was cycled additional times through the entire stance phase to
reduce the viscoelastic effect of soft tissues, The leg was then continuously moved
from tibial flexion —20° (initial contact) to 40° flexion (pre-swing) while applying
forces to the six muscle groups and subjecting it to the ground reaction force
profiles. After testing the intact condition, a flatfoot condition was created by
sectioning the peritalar soft tissue structures, including the spring ligament, long
and short plantar ligaments, talocalcaneal interosseous ligament, medial talocal-
caneal ligament, and tibionavicular portion of the superficial deltoid ligament. In
order to simulate stage 2 PTTD and flatfoot, the posterior tibial muscle action was
not simulated. A previous study [8] showed that flatfoot deformity occurred after
these procedures, similar to that caused by stage 2 PTTD clinically. The applied
vertical and fore-aft loads were not changed before and after the flatfoot model was
created. Testing was performed three times for each condition and the average
result was used for analysis.

Three-dimensional movements of the calcaneus and first metatarsus relative to
the tibia were obtained with a magnetic tracking system (3Space Tracker System,
Polhemus, Colchester, VT)[25,26]. The electromagnetic transmitter was fixed to the
loading frame. Sensors were rigidly fixed to the anteromedial tibial diaphysis at the
junction of the middle and distal thirds, posterolateral calcaneal body, and
diaphysis of the dorsal-medial first metatarsal with acrylic mounting posts [26].
The relative angular motion between bones (calcaneal-tibial and first metatarsal-
tibial) was expressed in terms of Eulerian angle description [25,26). Bone positions
were described relative to the previously described coordinate system [26]. The x-
axis was oriented proximal-distal, the y-axis was oriented medial-lateral, and the z-
axis was oriented anterior-posterior. The x-axis was along the tibial shaft through
the ankle center, the z-axis was parallel to the projection of a line connecting the
center of the heel and the second metatarsal on a plane perpendicular to the x-axis
passing through the ankle center, and the y-axis was the product of the x- and z-axes
following the right-hand rule passing through the ankle center. The three axes were
also used to define the perpendicular planes: coronal (x-y plane), sagittal (x-z
plane), and transverse (y-z plane), Motion was defined as inversion and eversion in
the coronal plane, dorsiflexion and plantarflexion in the sagittal plane, and internal
rotation and external rotation in the transverse plane,

Statistical analysis was performed with a paired t-test, comparing the bony
positions in the intact and flatfoot conditions. The level of significance was set at
p < 0.05.

3. Results

All the results of angular motions of the calcaneus and the first
metatarsal relative to the tibia are presented over an entire stance
phase that started with heel strike and ended with toe-off (Fig. 2).
Angular movement patterns were consistent across all specimens. In
the sagittal plane, the forefoot contacted with the force plate at
about 10% stance phase. Maximum dorsiflexion was observed at
about 80% stance phase. Then rapid plantarflexion occurred until
maximum plantarflexion at toe-off. In the coronal plane, the
hindfoot (calcaneal-tibial) and forefoot (metatarsal-tibial) moved
from an initial inversion at heel strike to eversion. Maximum
eversion occurred atalate phase of stance, prior to heel rise. Then the
foot progressively inverted until toe-off. In the transverse plane, the
hindfoot and forefoot moved from an initial internal rotation to
external rotation. At mid-stance the foot reversed and began to
internal rotate until toe-off.



