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Abstract

Recent studies of spinal cord axon regeneration have reported good long-term results using various types 
of tissue scaffolds. Olfactory tissue allows autologous transplantation and can easily be obtained by a 
simple biopsy that is performed through the external nares. We performed a clinical pilot study of olfac-
tory mucosa autograft (OMA) for chronic complete spinal cord injury in eight patients according to the 
procedure outlined by Lima et al. Our results showed no serious adverse events and improvement in both 
the American Spinal Injury Association (ASIA) Impairment Scale (AIS) grade and ASIA motor score 
in five patients. The preoperative post-rehabilitation ASIA motor score improved from 50 in all cases 
to 52 in case 2, 60 in case 4, 52 in case 6, 55 in case 7, and 58 in case 8 at 96 weeks after OMA. The AIS 
improved from A to C in four cases and from B to C in one case. Motor evoked potentials (MEPs) were 
also seen in one patient, reflecting conductivity in the central nervous system, including the corticospi-
nal tract. The MEPs induced with transcranial magnetic stimulation allow objective assessment of the  
integrity of the motor circuitry comprising both the corticospinal tract and the peripheral motor nerves.
We show the feasibility of OMA for chronic complete spinal cord injury.
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Introduction

The inability of the spinal cord to regenerate after 
spinal cord injury (SCI) is due to the extremely limited 
regenerative capacity of most central nervous system 
(CNS) axons along with the hostile environment 
of the adult CNS, which does not support axonal 
growth. Furthermore, astroglial scarring occurs in 
chronic lesions.1) Axonal regeneration is, in fact, 
initiated in the injured spinal cord but is blocked 
by glial scars.2) For successful axonal regeneration 
to take place in tissue with a chronic complete 
SCI, a supportive local scaffold is first required. 
The olfactory mucosa is an excellent autologous 
scaffold. The neurons and sustentacular cells in 
the olfactory mucosa undergo constant renewal 
throughout life by proliferation of basal global stem 
cells.3–5) Furthermore, the mucosa contains olfactory 
ensheathing cells, which have received much atten-
tion for their potential to repair SCI.6–9)

We performed a pilot clinical study of olfactory 
mucosa autograft (OMA) for chronic complete SCI 
in eight patients according to the procedure outlined 
by Lima et al.10)

Materials and Methods 

Patients were individuals who had experienced 
an SCI more than 12 months previously and were 
chronically paraplegic. Our rationale for selecting 
chronic SCI patients (more than 12 months from 
injury) who had undergone 8 weeks of preopera-
tive rehabilitation was to circumvent spontaneous 
recovery bias.11) The inclusion criteria of this study 
were generally consistent with those of Lima et al.10) 
and consisted of American Spinal Injury Associa-
tion (ASIA) Impairment Scale (AIS) scores12) A or 
B; age 16–40 years; presence of a spinal cord lesion 
≤ 3 cm; absence of significant nasal and paranasal 
sinus pathology; and absence of additional serious 
medical problems including respiratory disturbance, 
brain disease, or psychological disturbance.Received December 11, 2015; Accepted February 1, 2016
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Eight patients (six men, two women) were enrolled 
in the study. Demographic data, clinical findings, 
and imaging/radiological characteristics of the 
patients are presented in Table 1. The mean age 
of the patients was 31.5 ± 7.8 years (range, 19–40 
years). Lesions resulted from road traffic accident 
injuries in all patients. The mean lesion size on the 
maximum vertical axis as measured on both T1- and 
T2-weighted magnetic resonance imaging (MRI) was 
2.6 ± 0.5 cm (range, 1.7–3 cm). Seven patients were 
AIS grade A, and one patient was AIS grade B. The 
mean duration from the injury to OMA transplant 
was 108.5 ± 105 months (range, 17–297 months).

I. Transplantation protocol and surgical procedure
Our procedure essentially followed the report by 

Lima et al.10,13) Surgical intervention was performed 
under general anesthesia with endotracheal intuba-
tion. All surgical procedures were performed by the 
same neurological and otolaryngological team. The 
surgical procedure was performed in three steps. 

The first step was performed by the otolaryngolo-
gists. The patient was positioned supine. To harvest 
the olfactory mucosa graft, a transnasal endoscopic 
approach and instrumentation were used. After 
cleaning the nasal and olfactory space with povi-
done/iodine, vasoconstrictors were injected into the 
mucosa. A submucoperiosteal tunnel was created 
in the most posterior-superior region of the medial 
(septal) side of the olfactory groove, and sufficient 
tissue was collected to fill the spinal cord. Micro-
biological examination was performed before and 
during the operation just prior to transplantation. 
Reabsorbable packing was placed in the olfactory 
groove to avoid postoperative nasal bleeding.

The second step was performed by the neuro-
surgeons. The patient was positioned prone. The 
damaged spinal cord was exposed with a standard 
midline incision, posterior laminectomy, and opening 
of the dura mater. The damaged spinal cord was 
approached by a posterior midline myelotomy. The 
scar tissue of the lesion was removed within limits 
so as to not harm normal cord tissues and to expose 
the gross viable nervous tissue in both stumps. 

The last step involved the transplantation of the 
olfactory mucosa into the SCI site. Before implanta-
tion, the graft was immersed in the cerebrospinal fluid 
that was collected by a lumbar intrathecal catheter 
after anesthesia and cut into small pieces to increase 
the surface area of the grafted tissue. Meninges and 
the superficial tissue layers were sutured into place. 
Wound clips were used to close the skin.

II. Pre- and postoperative rehabilitation
All patients underwent preoperative rehabilitation 

(15 h/week for a duration of 8 weeks) and postop-
erative rehabilitation (15 h/week for a duration of  
48 weeks). Preoperative rehabilitation was carried 
out until immediately prior to the operation. Base-
line measures were determined after preoperative 
rehabilitation, which was performed to ensure a 
stable neurological status. The rehabilitation included 
standard physical therapy strategies to encourage 
motor function at and below the lesion, enabling 
walking training as soon as possible.

III. Outcome measures
Safety and efficacy measures are presented in 

Table 2. Any improvements in AIS grade and/or 
lower extremity motor scores were considered 
evidence of true gains, because the ASIA motor score 
was 0 for both legs in all patients after preoperative 
rehabilitation. The pre- and postoperative assessment 
protocol included AIS neurological examination as 
described in the International Standards for Neuro-
logical and Functional Classification of Spinal Cord 
Injury Patients;14) standard electromyography (EMG) 
after asking the subject to move particular muscles; 
somatosensory-evoked potentials (SSEPs) that were 
cortically recorded after tibial nerve stimulation; 
urodynamic studies; full spinal cord MRI scans; 
otolaryngological evaluation including a general ear, 
nose, and throat examination, nasal endoscopy, 
olfactory evaluation, and computed tomography scan 
of the nose and paranasal sinuses; and psychological 
assessment. Psychological testing was performed to 
detect conditions such as active psychosis, major 
depression, anxiety disorder, severe mood disorder, 
suicidal behavior, alcohol addiction, drug addiction, 
low cognitive resources, and unrealistic expectations 

Table 1  Summary of demographic and clinical charac-
teristics of eight patients who received olfactory mucosa 
autografts

Case 
no.

Age at 
OMA 

(y)
Sex Months 

post-SCI
SCI 

level

Length 
of 

lesion 
(cm)

AIS 
grade

1 40 Male 297 T4/5 2.8 A

2 19 Female 27 T7/8 2.1 A

3 25 Male 17 T11/12 2.7 A

4 37 Male 122 T7/8 1.7 A

5 25 Male 38 T5 3 A

6 40 Female 48 T11–12 3 B

7 32 Male 79 T5–6 3 A

8 34 Male 240  T10 2.6 A

AIS: ASIA Impairment Scale, OMA: olfactory mucosa 
autograft, SCI: spinal cord injury, T: thoracic. 
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about treatment results. Pain was assessed via inter-
views in which patients were asked to identify 
painful areas, describe the pain using standard 
descriptors, and identify temporal aspects of pain. 

Motor evoked potentials (MEPs) to bifocal tran-
scranial magnetic stimulation (TMS) were evaluated 
in the bilateral rectus femoris muscles. TMS was 
performed with a figure-8 coil (diameter, 7 cm) 
using the MagPro 100 (MagVenture A/S, Denmark). 
Navigation-guided TMS (Brainsight® Frameless 1.5; 
Rogue Research Inc., Montreal, Canada) was used 
to target the optimal position of each stimulation 
point. The coil was positioned over the leg area 

of the primary motor cortex. The intensity of the 
magnetic stimulus was expressed as a percentage 
of the maximal stimulator output.

Patients’ neurological findings were evaluated 
preoperatively and 12, 24, 36, 48, and 96 weeks 
after OMA. The duration of follow-up was 96 weeks 
postoperatively.

This phase I/II non-randomized, non-controlled 
prospective study was approved by the Ethical 
Committee of the Osaka University Medical School 
in Osaka, Japan. All procedures were performed after 
obtaining written informed consent from each patient.

Results

I. Safety
No serious adverse events occurred in our series. 

Subcutaneous accumulation of cerebrospinal fluid was 
not observed along the incision in any patient. All 
patients experienced an impaired sense of smell but 
regained smell within 12 weeks after surgery without 
any treatments. No meningitis, nasal infection, or 
neoplasm was observed in any patient after surgery.

II. Efficacy
ASIA scoring assessments (motor): The data obtained 

using the ASIA motor scores are summarized in  
Table 3 and Fig. 1. No change in the ASIA motor 
score was observed in three cases, but five other 
cases demonstrated an improvement in motor function 
below the level of the injury. The preoperative post-
rehabilitation ASIA motor score improved from 50 
in all cases to 52 in case 2, 60 in case 4, 52 in case 
6, 55 in case 7, and 58 in case 8 at 96 weeks after 
OMA. The average preoperative post-rehabilitation 
ASIA motor score was 50. The score was 50.4 ± 1.1 
(range, 50–53) at 12 weeks after OMA, 51.4 ± 2.4 
(range, 50–57) at 24 weeks after OMA, 51.9 ± 2.3 

Table 2  Olfactory mucosa autograft transplant outcome 
measures

Safety measures

Postoperative subcutaneous fluid collection
Postoperative meningitis
Postoperative nasal bleeding
Postoperative infection in the nasal cavity
Impaired olfaction
Neoplastic tissue overgrowth at the transplantation site
New sensory disturbance
Involuntary muscle spasm

Efficacy measures

Improved AIS
Extent of change in ASIA score
EMG
MEP
SSEP
Urological improvement

AIS: American Spinal Injury Association Impairment Scale, 
ASIA: American Spinal Injury Association, EMG: electro-
myograph, MEP: motor evoked potential, SSEP: somatosen-
sory evoked potential.

Table 3  American Spinal Injury Association motor score

Before 
preoperative 
rehabilitation

Post 
preoperative 
rehabilitation

12 wks 
after OMA

24 wks 
after OMA

36 wks 
after OMA 

48 wks 
after OMA

96 wks 
after OMA

Case 1 50 50 50 50 50 50 50

Case 2 50 50 50 52 52 52 52

Case 3 50 50 50 50 50 50 50

Case 4 50 50 50 52 52 54 60

Case 5 50 50 50 50 50 50 50

Case 6 50 50 50 50 52 52 52

Case 7 50 50 50 50 52 55 55

Case 8 50 50 53 57 57 58 58

OMA: olfactory mucosa autograft, wks: weeks.
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(range, 50–57) at 36 weeks after OMA, 52.6 ± 2.9 
(range, 50–58) at 48 weeks after OMA, and 53.4 ± 
3.9 (range, 50–60) at 96 weeks after OMA.

ASIA scoring assessments (sensory pinprick and 
light touch scores): No remarkable score changes 
were observed in any patients. 

AIS grade: AIS grade did not improve in three 
cases. However, the grade improved from A to C in 
four cases and from B to C in one case.

III. Electrophysiological assessment 
EMG assessment (voluntary movement): New 

voluntary activity in response to voluntary effort 
was documented by EMG at 48 weeks after surgery 
in cases 2, 4, 6, 7, and 8. In cases 2, 6, 7, and 8, 
voluntary activity was recognized in the right gluteus 
maximus and quadriceps muscles. In cases 4 and 7, 
activity was seen in the bilateral anterior tibial and 
gastrocnemius muscles, as well as in the left gluteus 
maximus and hamstring muscles. In case 4, activity 
was recognized in the bilateral gluteus maximus and 
quadriceps muscles, as well as in the left hamstring, 
anterior tibial, and gastrocnemius muscles.

SSEP assessment: No new SSEP findings derived 
from tibial nerve stimulation were recorded at the 
cortical level in any patient.

Urodynamic studies: No urge to urinate was 
detected before or after transplantation, and all 
patients remained unable to urinate voluntarily. 

MEPs: MEPs were not observed before transplan-
tation in any patient. MEPs were recorded at 48 
weeks after transplantation in case 4 (Fig. 2) but 
not in any other patient. 

MRI findings: MRI scans at 96 weeks after trans-
plantation revealed fairly complete filling of cavities 
and heterogeneous intensity on T1- and T2-weighted 
images. Gadolinium-enhanced MRI revealed hetero-
geneous enhancement of grafts. No evidence of 
neoplastic tissue overgrowth was observed in any 
patient (Fig. 3).

IV. Daily living 
All patients described improvement in trunk 

balance, and consequently, they were able to sit 
for a long time and/or shampoo by themselves or 
press an elevator button easily. Some patients were 
able to turn over in bed. 

Discussion 

Our rationale for selecting chronic SCI patients (more 
than 12 months from injury) was to circumvent 

ASIA Motor Score 

P
oi
nt
s

Fig. 1  ASIA motor scores. The preoperative post-rehabilitation ASIA motor score improved from 50 in all 
cases to 52 in case 2, 60 in case 4, 52 in case 6, 55 in case 7, and 58 in case 8 at 96 weeks after OMA. ASIA: 
American Spinal Injury Association, OMA: olfactory mucosa autograft.
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spontaneous recovery bias.11) Furthermore, all patients 
underwent preoperative rehabilitation (8 weeks) to 
ensure their neurological status. These patients were 
considered to have chronic complete SCI. 

Walking improvements have not been achieved in 
patients with clinically sensorimotor-complete SCI 
with any treatment.15,16) In this report, continuous 
and combined intensive training after OMA trig-
gered limited voluntary movement and induced 
limited reconstruction of severely damaged neural 
circuits in chronic sensorimotor-complete SCI. These 
events were confirmed by the observation of MEPs 
in one case.

The information about OMA derived from the 
studies of Lima et al. is invaluable to basic and 
clinical researchers investigating regeneration in 
chronic SCI. Their pioneering work in this field 
revealed that OMA is fairly safe, feasible, and poten-
tially beneficial.10,13) OMA is advantageous because it 
involves transplantation of whole tissue that is rich 
in factors that may facilitate neuronal regeneration. 
We have performed further basic studies in rats of 
olfactory mucosa transplantation that supported the 
feasibility of this procedure.17–20)

Spinal cord reconstruction using implantation 
of cells from various sources has recently gained 
attention.21,22) 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 significant quantities 
of several neurotrophic factors that support host 
axonal regeneration after SCI.23) Partial restoration 
of function after spinal cord contusion has been 

Fig. 2  This image shows the motor evoked potential that was elicited in response to bifocal transcranial magnetic 
stimulation of the rectus femoris muscles.

Fig. 3  Magnetic resonance imaging (MRI). a: T1-weighted 
sagittal image before transplantation shows atrophic 
changes in the thoracic spinal cord. b: T2-weighted 
sagittal image before transplantation shows an intramed-
ullary high-intensity area. c, d: MRI at 96 weeks after 
transplantation shows fairly complete filling of cavities 
with heterogeneous intensity on T1- (c) and T2-weighted 
(d) images. e: Gadolinium-enhanced images also show 
heterogeneous enhancement of the grafts. No evidence 
of neoplastic tissue overgrowth was observed during the 
initial follow-up period of 96 weeks.
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achieved by injecting neural/glial precursor NSCs 
differentiated in vitro from mouse embryonic stem 
cells into the lesion 9 days after injury.24) However, 
implantation of NSCs alone does not produce any 
significant restorative effect because the majority of 
the NSCs grafted into the spinal cord differentiate 
into an astrocytic phenotype.23,25) Although astro-
cytes can secrete neurotrophic factors and limit 
inflammation, extensive astroglial scarring within 
the lesioned area blocks axonal growth.

One of the major disadvantages associated with 
implantation or injection of cells alone is the limited 
proportion of viable cells that survive at the injury 
site after the procedure, as cells tend to migrate 
away from the injury site.26) To achieve significant 
functional reconstruction of the spinal cord after 
SCI, either populating the lesion sites with tissue-
specific regeneration-competent cells or activating 
endogenous neural progenitor cells to replace or 
rescue dying cells is necessary.27) The olfactory 
mucosa appears to be an excellent autologous source 
of adult neuronal precursor cells. It is easily acces-
sible for a biopsy28) and contains neurons and 
sustentacular cells that self-renew throughout life3–5) 
as well as olfactory ensheathing cells that have 
shown promise in repairing SCI.6–9) These charac-
teristics make the olfactory mucosa an attractive 
tissue for potential applications in axonal regen-
eration. Lima et al. used the following inclusion 
criteria: ASIA impairment grade A or B; age 18–40 
years; cervical spinal cord lesion less than 3 cm 
or thoracic spinal cord lesion less than 4 cm; 
absence of significant nasal and paranasal sinus 
pathology; and absence of additional serious medical 
problems, brain disease, or psychological problems. 
However, they were unable to elicit expression of 
MEPs, which demonstrate electrophysiological 
conductivity.

We were able to elicit MEPs in one case. MEPs 
reflect conductivity in the CNS, including the corti-
cospinal tract.29,30) MEPs induced with TMS allow 
objective assessment of the integrity of human motor 
circuitry comprising both the corticospinal tract 
and peripheral motor nerves.31,32) Our report is the 
first observation of MEPs following any treatment, 
indicating the partial recovery of electrophysiological 
conductivity after complete chronic SCI. 

One report has described a serious event following 
OMA. Brian et al. reported a human spinal cord 
mass following OMA.33) In their report, an 18-year-
old woman who sustained a complete SCI at T10–11 
underwent OMA. She developed back pain 8 years 
later, and imaging revealed an intramedullary spinal 
cord mass at the site of OMA that required resection. 

Intraoperative findings revealed expansion of the 
spinal cord with a multicystic mass containing large 
amounts of thick mucus-like material. Histological 
examination and immunohistochemical staining 
revealed that the mass was composed mostly of cysts 
lined by respiratory epithelium, submucosal glands 
with goblet cells, and intervening nerve twigs. Thus, 
the mass in the spinal cord appeared to contain 
respiratory mucosa, which does not affect spinal 
regeneration,17,18,20,34,35) and not olfactory mucosa. 
Unfortunately, respiratory mucosa may have been 
transplanted instead of olfactory mucosa in their 
case. We absolutely agree with their comment that 
safety monitoring of all patients who have received 
cell transplantation and neural stem cell implanta-
tion should continue for many years.

This pilot study of OMA included only eight 
patients. Discussing the feasibility of OMA is diffi-
cult. However, we showed improvement in both the 
AIS grade and ASIA motor score in five patients, 
as well as the expression of MEPs in one patient. 
OMA may be an excellent strategy for overcoming 
chronic complete SCI.
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