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2.3. Pre- and Postoperative Rehabilitation

All patients underwent preoperative rehabilitation (15
h/week for 4 weeks) and postoperative rehabilitation (15
h/week for 48 weeks). The preoperative rehabilitation
was carried out until immediately prior to the operation
and baseline parameters were determined after the pre-
operative rehabilitation in order to confirm stabilized
neurological status. Rehabilitation included standard phy-
sical therapy strategies encouraging motor function at
and below the lesion to facilitate walking training as
soon as possible.

2.4. Outcome Measures

Safety and efficacy measures are presented in Table 2.
Any improvement in the ASIA grade scale or/and lower
extremity motor scores was considered evidence of true
gains since all patients had ASIA motor scores of 0 for
both legs after the preoperative rehabilitation. The pre-
and postoperative assessment protocol included an ASIA
neurological exam, as described in the International
Standards for Neurological and Functional Classification
of Spinal Cord Injury Patients [21] as well as standard
EMG, with recordings taken after patients were asked to
move particular muscles, and somatosensory evoked
potentials (SSEP), cortically recorded after tibial nerve
stimulation; urodynamic studies; full spinal cord MRI
scan; otolaryngological evaluation including a general
ear, nose, and throat examination, nasal endoscopy, ol-
factory evaluation, and computed tomography scan of
the nose and paranasal sinuses; and psychological as-
sessment. Psychological testing was intended to detect
conditions such as active psychosis, major depression,
anxiety disorder, severe mood disorder, suicidal behav-

Table 2. Outcome measures.

Safety Measures

Postoperative subcutaneous fluid collection
Postoperative meningitis

Postoperative nasal bleeding

Postoperative infection in the nasal cavity
Impaired olfaction

Neoplastic tissue overgrowth in the transplantation
New sensory disturbance

Involuntary muscle spasm (IMS)

Efficacy Measures

Ability to improve ASIA grade
Variation in ASIA scores
EMG

SSEP

Urological improvement

EMG: Electromyograph; SSEP: Somatosensory Evoked Potential.
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ior, alcohol addiction, drug addiction, low cognitive re-
sources, and unrealistic expectations about treatment
results, Pain was assessed via interviews asking the pa-
tients to identify painful areas, describe the pain using
standard descriptors, and identify temporal aspects of the
pain.

We evaluated IMS. There is a variety of tests that at-
tempt to quantify spasticity, but there is no uniformly
accepted useful measure [22,23]. Our method was simply
to note the emergence of IMS on EMG. IMS was evalu-
ated in the bilateral biceps femoris, anterior tibial, flexor
digitorum brevis, femoral quadriceps, gluteus maximus,
and gastrocnemius muscles. We watched the emergence
of IMS while patients rested in the supine position for 3
min (Figure 1).

MEP response to bifocal transcranial magnetic stimu-
lation (TMS) was evaluated in the bilateral rectus femo-
ris muscles. TMS was performed with a coil (7 cm di-
ameter) using a MagPro x100 (MagVenture A/S, Den-
mark). Navigation-guided TMS (Brainsight Frameless
1.5; Rogue Research Inc., Montreal, Canada) was used to
target the optimal position of each stimulation point. The
stimulation hot spot was determined starting about 4 cm
rostral of Cz (vertex) [24]. Patients who were not able to
produce force were asked to exert as much volitional
innervation as possible. The duration of the monophasic
transcranial single-pulse stimulus was 100 ps. The sam-
ple frequency was 2000 Hz, and a band-pass filter was
set at 30 Hz to 1 kHz. TMS was delivered every 5 t0 6 s.
Three [25] to 5 representative MEPs at the desired stimu-
lus intensity were applied if there was a well-defined
response, and up to 10 stimuli were delivered if there
was a visible but poorly defined muscle response in order
to optimize 3 responses to be stored offline for further
analysis [26]. The onset of the fastest response from 4
repeated MEP trials was determined to be the onset la-
tency. The MEP amplitude was calculated from baseline
to the negative peak for the largest response out of 4 tri-
als. The intensity of the magnetic stimulus was expressed
as a percentage of the maximal stimulator output.

Ir‘_eﬂ_ Gluteus maxinws

Quadriceps
Hamstring
Tibialis anterior
Gastrocnemius
| Flexor hallucis brevis

R—-lEﬁGluteus maximus

Quadriceps

Hamstring
Tibialis anterior ———————rer
Gastrocnemius = e : 100 v
|_Flexor hallucis brevis bt sec

Figure 1. Involuntary muscle spasms were recorded in the left
tibialis anterior.
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The patients’ neurological findings were evaluated
preoperatively and 4, 12, 24, 36, and 48 weeks after
OMA (MEP was evaluated additionally at 96 weeks).

3. RESULTS
3.1. Safety

No serious adverse event occurred in our series. There
was no formation of subcutaneous collection of cerebro-
spinal fluid along the incision in any case. Two cases had
postoperative nosebleed treated with tampon gauze and
controlled within 7 days. All cases reported impaired
sense of smell. Two regained smell within 12 weeks, and
the others regained smell within 48 weeks without any
further treatments. No case developed meningitis, nasal
infection, or neoplasm after surgery. One case reported
transient sensory disturbance consisting of pain around
the level of injury (Th4 level) at evaluations both 4 and
12 weeks post-surgery. This disturbance resolved spon-
taneously without any treatment.

3.2. Efficacy

3.2.1. ASIA Scoring Assessments (Motor)

The data obtained for ASIA motor scores are summa-
rized in Figure 2. No change in ASIA motor score was
observed in cases 1 or 3, but cases 2 and 4 both demon-
strated improved motor function below the level of in-
jury. In case 2, the motor score remained at 50 until 16
weeks after surgery and then increased to 52 from 20
weeks until 48 weeks. In case 4, the motor score was 50
until 20 weeks after surgery and then it increased to 52 at
24 weeks after surgery and further increased to 54 at 48
weeks after surgery.

3.2.2. ASIA Scoring Assessments
(Sensory: Pinprick and Light Touch Scores)

No remarkable changes were observed except in case 1,

ASIA Motor Score ... case 1
55 —--case 2
~e=case 3
54 = -=—case 4
53
552 g e UL
4
R= /
£51 ’/
4
50  @r—— - & 3 ®
49
48

preope 4 wks 12wks 24 wks 36 wks 48 wks
Weeks after OMA
Figure 2. ASIA motor scores. No change in ASIA motor
scores was observed in cases 1 and 3, but the score improved
from 50 to 52 in case 2 and from 50 to 52 and ultimately 54 in
case 4.

Copyright © 2013 SciRes.

in whom the score decreased after surgery, from 17 to 2
in response to pinprick and from 15 to 2 in response to
light touch.

3.2.3. Electrophysiological Assessment
1) EMG assessment (voluntary movement)

New voluntary activity in response to voluntary effort
was documented by EMG at 48 weeks after surgery in
cases 2 and 4. In case 2, the activity was recognized in
the bilateral tensor fascia lata muscles. In case 4, the ac-
tivity was recognized in the bilateral hamstring, anterior
tibial, femoral quadriceps, gluteus maximus, and gas-
trocnemius muscles (Figure 3). There was no activity in
response to voluntary effort shown in cases 1 or 3.

2) SSEP assessment (somatosensory evoked potential)

There were no changes in SSEPs arising from tibial
nerve stimulation recorded at the cortical level in any
case.

3.3. Urodynamic Studies

No case experienced urge to urinate before or after OMA,
and all cases remained unable to urinate by themselves.

3.4. MRI Findings

MRI 48 weeks after transplantation revealed fairly com-
plete filling of cavities and heterogeneous intensities on
T1- and T2-weighted images. Gd-enhanced MRI also
showed that the grafts were enhanced heterogeneously.
No evidence of neoplastic tissue overgrowth was ob-
served in any case (Figure 4).

3.5. Involuntary Muscle Spasm

The evaluation for IMS in each case is documented in
Figure 5. In case 3, IMS was not recognized preopera-
tively or throughout the follow-up period to 48 weeks
after OMA (Figure 5). By contrast, in case 4, IMS was
recognized preoperatively and throughout the follow-up
period to 48 weeks after OMA (Figure 5). Each IMS
emergence was calculated as 1 point, as summarized in
Figure 6. At the beginning of the follow-up period, case
1 had more IMS points than case 2, but this difference
reversed in the middle and latter half of the follow-up
period. Thus, we concluded that that IMS could be rec-
ognized in cases 2 and 4 rather than the cases 1 and or 3.

3.6. Motor Evoked Potentials

MEPs were not observed before transplantation in any
case, but they were recorded at 96 weeks after OMA in
case 4 (Figure 7), although not in any other case.

4. DISCUSSION
The information about OMA derived from the studies of
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Figure 3. EMG in case 4. New EMG activity in response to voluntary effort was documented at 12, 24, 48 weeks after transplanta-
tion. The activity was recognized in the bilateral gluteus maximus, quadriceps, biceps femoris, anterior tibial, gastrocnemius, and

abductor hallucis muscles.

Lima et al. is invaluable to basic and clinical researchers
investigating regeneration in chronic SCIL Their pio-
neering work in this field revealed that OMA is fairly
safe, feasible, and potentially beneficial [15,20]. OMA is
advantageous in that it involves transplantation of whole
tissue rich in factors that may facilitate neuronal regen-
eration. We have performed further basic studies of ol-
factory mucosa transplantation in rats that have sup-
ported its feasibility [12,13].

Spinal cord reconstruction using implantation of cells
from various sources has gained attention in recent years
[27,28]. Neuronal stem cells (NSCs) have the potential to
differentiate into both neuronal and glial cells, and are
therefore prime candidates for cell replacement therapy
following CNS injury. NSCs constitutively secrete sig-
nificant quantities of several neurotrophic factors that act
to support host axonal regeneration after SCI [29]. Partial

Copyright © 2013 SciRes.

restoration of function after spinal cord contusion has
been achieved by injecting neural/glial precursor NSCs
differentiated in vitro from mouse embryonic stem cells
into the lesion 9 days after injury [30]. However, im-
plantation of NSCs alone did not produce any significant
restorative effect because the majority of the NSCs
grafted into the spinal cord differentiated into an astro-
cytic phenotype [29,31]. Although astrocytes can secrete
neurotrophic factors and limit the extent of the inflam-
matory reaction, extensive astroglial scarring within the
lesioned area blocks axon growth.

One of the major disadvantages associated with im-
plantation or injection of cells alone is the limited pro-
portion of viable cells surviving at the injury site after
the procedure, as cells tend to migrate away from the
injury site [32]. To achieve significant functional recon-
struction of the spinal cord after SCI, it is necessary to
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Figure 4. MRI findings in case 2. T1-weighted sagittal image
before transplantation showed atrophic change of the thoracic
spinal cord (a); T2-weighted sagittal image before transplanta-
tion showed an intramedullary high-intensity area (b); MRI
scans at 48 weeks after transplantation showed fairly complete
filling of cavities and heterogeneous intensity on T1- (¢) and
T2-weighted images (d); Gd-enhanced MRI showed that the
grafts were enhanced heterogeneously (e). No evidence of neo-
plastic tissue overgrowth was observed.

either populate lesion sites with tissue-specific, regenera-
tion-competent cells or activate endogenous neural pro-
genitor cells to replace or rescue dying cells [33]. The
olfactory mucosa seems to be an excellent autologous
source of adult neuronal precursor cells. It provides an
accessible site for sample biopsy [11] and it contains
neurons and sustentacular cells that renew themselves
throughout life [1-3] as well as olfactory ensheathing
cells that have shown promise in the repair of SCIs [4-7].
These considerations make the nasal mucosa an attrac-
tive tissue for potential applications in axonal regenera-
tion. However, while olfactory mucosa may be an ideal
tissue for chronic SCI, whether all chronic SCI patients
are candidates for OMA remains unclear. Lima et al.
applied the following inclusion criteria: ASIA impair-
ment grade A or B [34]; age 18 to 40 years; cervical spi-
nal cord lesion below 3 cm or thoracic spinal cord lesion
below 4 cm; absence of significant nasal and paranasal
sinus pathology; and absence of additional serious medi-
cal problems, brain disease, or psychological disturbance
[20]. Our present clinical trial generally followed these

Copyright © 2013 SciRes.

inclusion criteria and additionally investigated IMS. The
emergence of IMS after SCI is an indirect measure of
recovery of motor neurons and general motor function
[18], and it may function as an indicator for the potential
success of regeneration therapy in chronic SCL

In considering the implications of IMS after SCI in our
cases, improved motor function below the level of injury
was observed in cases 2 and 4, both of whom exhibited
relative IMS before OMA and during rehabilitation after
OMA. However, no improvement in motor function was
observed in cases 1 and or 3, and neither of them had
exhibited relative IMS before OMA or during rehabilita~
tion after OMA (Figures 5 and 6). In particular, in case 4,
IMS was consistently observed during rehabilitation both
before and after OMA (Figure 6), and new voluntary
muscle activity was recognized in the bilateral hamstring,
anterior tibial, femoral quadriceps, gluteus maximus, and
gastrocnemius muscles (Figures 2 and 3). By contrast, in
case 3, no IMS was observed during rehabilitation before
or after OMA (Figures 5 and 6), and no new voluntary
muscle activity was observed (Figure 2). The level of
injury in this case was Th12. There are motor neurons to
generate lower leg movement. These motor neurons were
directly injured, and we might not have expected new
voluntary muscle activity in such a case. Furthermore,
the spinal cord at Th12 is lumbosacral spinal cord, where
a central pattern generator (CPG) might exist [4]. The
presence of CPG circuitry is thought to be responsible
for generation of rhythmic activity within the lumbar
cord isolated from brain influence. However, in the ab-
sence of descending brain control involved in the initia-
tion of locomotion, CPG activity will be induced by ac-
tivating afferents from muscles, tendons, and joints by
means of peripheral afferent feedback [35]. The CPG in
this case might have been injured, and CPG activity
might not have been induced by gait training as a pe-
ripheral afferent feedback.

We were able to elicit MEPs in case 4. The MEP re-
flects conductivity in the central nervous system, includ-
ing the corticospinal pathway [16,17]. MEP induced with
transcranial magnetic stimulation allows objective as-
sessment of the integrity of human motor circuitry com-
prising both the corticospinal tract and peripheral motor
nerves [26,36]. The emergence of MEP in case 4 makes
this the first report to indicate the recovery of electro-
physiological conductivity after complete chronic SCI by
any treatment.

In attempts to perform neuronal repair after SCI,
strategies to improve the local environment to promote
new neuron formation are essential. However, the condi-
tion of motor neurons remaining in the spinal cord
should also be considered. Patients may not succeed with
OMA without functional motor neurons, and the recov
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Figure 7. Motor evoked potential (MEP) in response to
bifocal transcranial magnetic stimulation (TMS) was eva-
luated in bilateral rectus femoris muscles. Case 4 exhibited,
MEPs in response to TMS.
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ery of motor neurons indirectly indicated by IMS may be
a predictor of the success of regeneration therapy in
chronic SCI. But we have just only four cases in this
study. We have to investigate this in our upcoming cli-
nical trial.
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