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Abstract

Spinal cord injury (SCI) remains among the most challenging pathologies worldwide and has limited therapeutic pos-
sibilities and a very bleak prognosis. Biomaterials and stem cell transplantation are promising treatments for functional
recovery in SCI. Seven patients with acute complete SCI diagnosed by a combination of methods were included in the
study, and different lengths (2.0-6.0 cm) of necrotic spinal cord tissue were surgically cleaned under intraoperative
neurophysiological monitoring. Subsequently, NeuroRegen scaffolds loaded with autologous bone marrow mononuclear
cells (BMMCs) were implanted into the cleaned site. All patients participated in 6 months of rehabilitation and at least 3
years of clinical follow-up. No adverse symptoms associated with stem cell or functional scaffold implantation were
observed during the 3-year follow-up period. Additionally, partial shallow sensory and autonomic nervous functional
improvements were observed in some patients, but no motor function recovery was observed. Magnetic resonance
imaging suggested that NeuroRegen scaffold implantation supported injured spinal cord continuity after treatment.
These findings indicate that implantation of NeuroRegen scaffolds combined with stem cells may serve as a safe and
promising clinical treatment for patients with acute complete SCl. However, determining the therapeutic effects and
exact application methods still requires further study.
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Introduction |
Xingiao Hospital, Department of Orthopedics, Army Medical University,

Spinal cord injury (SCI) is a severe traumatic injury char-
acterized by the loss of sensory and motor function below
the level of injury. The incidence of SCI is approximately
40 per million worldwide'. Complete SCI is the most seri-
ous type of SCI and leads to various physical and psycho-
logical problems; additionally, neurological function is
almost impossible to recover; complete SCI accounts for
9.4%-56.7% of all SCI cases® *. Nevertheless, traditional
treatment strategies, including surgical intervention and
symptomatic therapy followed by rehabilitation, are cur-
rently used to relieve secondary damage and improve
patients’ independent living ability>®. However, existing
treatment options cannot effectively improve neurological
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recovery in SCI patients, especially in patients with com-
plete SCI. Fortunately, various promising neuroregenera-
tive strategies, including the application of stem cells and
biomaterials, have been widely developed and have
achieved some progress.

Stem cells, including induced embryonic stem cells, bone
marrow mononuclear cells (BMMCs), cord blood stem cells,
and mesenchymal stem cells (MSCs), have been widely tested
in animal models of SCI’"!'. Limitations based on ethics,
safety, and source materials mean that only a few stem cell
types, including allogeneic primary neural stem cells,
BMMCs, adipose stem cells, and umbilical cord MSCs, are
approved for the clinical treatment of SCI. Among them,
BMMCs have been demonstrated to effectively regulate the
spinal microenvironment and have the potential to differenti-
ate into neural cells, as well as the advantages of easy access,
easy in vitro expansion, low immunogenicity, and no ethical
controversy. The efficacy and safety of BMMC implantation
for the treatment of patients with acute or chronic SCI have
been fully evaluated®®!?'3, although the individual treatment
effects are still limited.

Biological scaffolds consist of natural polymers com-
posed of repeating units that can promote axonal growth
and bridge the site of SCI by providing a platform for stem
cells and functional biomolecules and reconstructing the
microenvironment'® ¥, Biological scaffolds of different
materials with different spatial structures, biodegradability,
and mechanical strength have been developed and demon-
strated to have therapeutic effects on SCI animal mod-
els'®'?. However, only a few biomaterials have been
approved for clinical trials. NeuroRegen is a linearly
ordered collagen scaffold functionalized with multiple
functional nerve regeneration molecules. In previous
experiments, the implantation of NeuroRegen scaffolds
with MSCs significantly inhibited scar formation and pro-
moted axonal growth and motor function recovery in ani-
mal models of complete SCI'’°?2, Based on preclinical
studies, we conducted two clinical studies with implanta-
tion of NeuroRegen scaffolds loaded with BMMCs or
human umbilical cord MSCs for the treatment of 13
patients with chronic complete SCI. During the 1-year
follow-up period, no adverse reactions associated with the
NeuroRegen scaffold grafts or scar resection were
observed®-**.

These studies provide initial evidence that NeuroRe-
gen scaffolds loaded with stem cells can be applied as a
safe alternative clinical treatment for chronic SCI**?*.
However, the actual therapeutic effect in chronic SCI is
still limited, perhaps because of neuromuscular atrophy
in the lower limbs over long periods after SCI*>*°. In
this study, we explored the application of NeuroRegen
scaffolds combined with BMMCs via implantation in
acute complete SCI patients in terms of both efficacy
and safety.

Materials and Methods
Patient Selection

The criteria for inclusion, exclusion, and withdrawal were as
follows:

(1) Inclusion criteria

(a) The patient was male or female and 18-65
years old.

(b) The patient had a severely compressed and
injured spinal cord at the thoracic level (T1-
T12) accompanied by loss of physiological
function confirmed by neuroelectrophysiol-
ogy, magnetic resonance imaging (MRI), and
neurological examination below the injured
segment; the American Spinal Injury Associa-
tion (ASIA) grade was A and the spinal cord
shock period had passed (one of the following
conditions occurred: the foot and plantar sti-
mulus induced a retraction action, the bulbar
body reflex, or the testicular reflex, or the anal
contraction reflex recovered, but the motor
and sensory functions were still completely
lost under the injury level); and the period
from injury to surgery was less than 4 weeks.

(c) The patient was in a generally good condition
without serious complications affecting other
systems and could tolerate surgery; the periph-
eral muscles and nerve function below the
level of damage were normal.

(d) The patient and the patient’s family showed
good compliance, were willing to accept the
risks involved, and provided written informed
consent for BMMC acquisition and implanta-
tion, clinical validation, or surgery. The
patient was also willing and able to go to the
hospital for follow-up examinations on a reg-
ular basis.

(2) Exclusion criteria

(a) The patient had incomplete SCI, the location
and size of SCI sites were difficult to identify,
or whether spinal shock had passed could not
be determined.

(b) The patient had a serious complication that
prevented the toleration of surgery or
affected SCI recovery and rehabilitation
(such as multiple organ failure, severe
bleeding tendency or coagulopathy, brain
injury, cerebral hemorrhage, cognitive
impairment, or other central nervous sys-
tem—related complications).

(¢) The patient had a serious underlying disease,
such as diabetes, an autoimmune disease, a
tumor, or severe hypertension.
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Fig. |. Intraoperative neuroelectrophysiological monitoring was used to determine the extent of spinal cord injury (the left side shows the
caudal segments, and the right side shows cephalad segments). (A, B) The signal-receiving electrode was placed on the normal spinal cord,
and the stimulation electrode was moved slowly from the injured side to the normal side until the extent of the normal spinal cord in the
caudal segments was determined. (C) The same method was used to determine the extent of spinal cord injury in the cephalad segments.

(d) The patient had a history of a life-threatening
immune-mediated reaction or allergy.

(e) Clinically obvious abnormalities in routine
laboratory examinations were found, such as
positivity for HIV antibody, HBsAg, HTLV-1
antibody, or HCV antibody.

(f) The patient participated in another clinical trial
within 3 months before enrollment.

(g) The patient was lactating or pregnant.

(h) The patient was in a poor general condition or
a condition that made it difficult to participate
in the study.

Preparation of NeuroRegen Scaffolds and BMMCs

NeuroRegen scaffolds were prepared from bovine aponeuro-
sis and assessed for biosafety in accordance with the previ-
ously described protocol****?7. BMMCs were obtained
from patients 2 h before surgery, prepared as previously
described®®, and applied during surgery. Briefly, bone mar-
row blood (200 ml) was harvested from the posterior iliac
crest and immediately heparinized. Mononuclear cells were
extracted from bone marrow blood using a nucleated cell
processing kit (AVIC Biology, Ningxia, China) according
to the instructions. Briefly, blood was centrifuged under
sterile conditions at 2,000 r/min for 10 min, and then the
supernatant plasma was removed. An equal volume of nor-
mal saline was added and thoroughly mixed with the cells,
6.0% hydroxyethyl starch was mixed in a ratio of 1:4, and
then the mixture was allowed to stand at room temperature
for 40 min. The supernatant was collected and centrifuged at
2,000 r/min for 5 min to obtain a cell pellet, which was
washed twice with physiological saline. After the cell sus-
pension was separated and purified, it was diluted to a final
volume of 0.5-1.5 ml (>1 x 109 cells). The BMMCs were
placed at 4°C for short-term storage and prepared for
implantation with NeuroRegen scaffolds. The BMMCs were

identified as previously suggested®?, and CD34" monocytes
accounted for more than 1.0% of the cells.

Surgical Procedures

After anesthesia, the patient was placed in the prone position
and sterilized via a routine protocol. The longitudinal surgi-
cal incision was made with the surgical segment as the cen-
ter. After the routine induction of anesthesia, spinal fractures
were routinely treated by reduction and internal fixation, and
the spinal canal was opened through the interlaminar
approach. Then, the lamina and dura mater were opened to
expose the injured spinal cord. The boundaries of the necro-
tic spinal cord tissue were distinguished by visual observa-
tion and intraoperative neuroclectrophysiological
monitoring (16-channel neurophysiological monitor, Nico-
let, Madison, Wisconsin, USA) (Fig. 1) as previously
described®***. Briefly, neuroelectrophysiology was used to
detect the somatosensory-evoked potential (SSEP) and
motor-evoked potential (MEP) signals of the injured site
and the cephalad and caudal segments of the spinal cord
to determine the boundary between the normal and
injured spinal cord (Fig. 1). The signal-receiving elec-
trode was placed on the normal spinal cord, and the sti-
mulation electrode was moved slowly from the injured
side to the normal side until the normal spinal cord range
was determined (Fig. 1). Then, the injured and necrotic
spinal cord tissue was carefully cleaned (Fig. 2A, B). Sub-
sequently, NeuroRegen scaffolds loaded with BMMCs (Fig.
2C) and biogel were implanted into the cleaned area of
injured spinal cord tissue (Fig. 2D, E) and the dura mater
was tightly sutured (Fig. 2F). During surgery, the mean
arterial pressure was maintained at greater than 85 mmHg
to maintain effective perfusion of the spinal cord.

Postoperative Rehabilitation and Follow-up Program

Patients participated in 6 months of standardized rehabilita-
tion after the surgery to promote exercise and sensory
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Fig. 2. Injured spinal cords were cleaned, followed by functional NeuroRegen scaffold implantation. (A) Diffuse hyperemia, edema, and
tissue necrosis were observed at the site of spinal cord injury after the dura mater was opened. (B) After determining the boundaries of the
injured spinal cord by neuroelectrophysiological monitoring, the necrotic spinal cord tissue was cleaned. (C, D) Extracted autologous bone
marrow mononuclear cells were evenly spread over the surface of the NeuroRegen scaffolds and grafted into the cleaned spinal cord gap. (E)
Biogel was evenly injected onto the scaffolds. (F) The dura mater was tightly sutured.

function recovery and improve the patients’ ability for self-
care®®. The main rehabilitation program includes routine
care, hyperbaric oxygen therapy, neurotrophic therapy, acu-
puncture, neuromuscular electrical stimulation therapy,
upper limb muscle strength training, self-care training, etc.
The patients underwent complete clinical and neurological
assessments before the surgery and at each follow-up time
point (1, 3, 6, 12, 18, 24, 30, and 36 months) after the sur-
gery, including a neurological examination and assessments
by radiography and the functional independence measure
(FIM), activities of daily living (ADL) score, modified Ash-
worth spasticity scale (MAS) score, visual analogue scale
(VAS) score, ASIA Impairment grade, and ASIA sensory
and motor index score. MEP and SSEP tests were used to
evaluate neurological recovery. Computed tomography (CT)
was used to judge compression of the spinal cord by spinal
fractures, and MRI was used to estimate the injury size and
the continuity of the injured spinal cord.

Ethical Approval

This clinical study was registered in the National Insti-
tutes of Health database (ClinicalTrials.gov:
NCT02510365) and approved by the ethics committee
of Xinqgiao Hospital affiliated with the Army Medical
University. All steps were performed in strict accordance

with the ethical standards of human clinical research. All
patients and their families are fully aware of the possible
risks and benefits of the treatment process. Informed con-
sent was obtained for patient participation and publication
of the results.

Statistical Analysis

Statistical analyses were performed using SPSS 20.0 soft-
ware. The data are presented as the means + standard
errors. Quantitative variables were analyzed using one-
way analysis of variance. A value of P <0.05 was consid-
ered significant.

Results
Patient Information

Seven male patients with acute complete SCI who met the
inclusion criteria were included in the study. As shown in Table
1, all patients were classified as ASIA grade A and were pri-
marily injured at the thoracic level (T5-T12). The main cause
of SCI injury was falling. The average duration from injury to
surgery was approximately 8.86 days (3—27 days). The average
age of the patients was 46.57 years (29-61 years). Other
trauma-related complications in the acute complete SCI
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Table I. Patient Demographic and Clinical Features.

Patient Sex Age (years) Surgery time after SCI (days) SCl levels Cause of damage ASIA grade

| Male 42 4 TIHI-12 Heavy bruise A

2 Male 53 5 Tl Falling A

3 Male 40 7 Tl Falling A

4 Male 52 6 Tl Falling A

5 Male 49 27 T5 Falling A

6 Male 29 9 TI2 Falling A

7 Male 6l 3 Té6-7 Falling A

ASIA: American Spinal Injury Association; SCI: spinal cord injury.

Table 2. Surgery-related Information. Functional Recovery of Acute Complete SCI Patients
Length of spinal Implant length  Time  Bleeding after Surgery

Patient cord cleaning (cm) _ (cm)/quantity _ (min) (mi) Among all the patients who underwent surgery, only one

| 6.0 6.0 (3) 320 600 patient requested to withdraw from the study. This patient

2 5.0 5.0 (5) 285 1,500 (No. 7) developed a stress ulcer and lung infection 1 week

3 20 2.0 (4) 300 700 after the surgery and withdrew from the study at the request

g :g 28 g; ;:g | Zgg of the patient’s family. The remaining patients participated

6 40 40 (6) 355 400 in 6 months of standardized rehablh.tatlon and at least 3 years

7 20 1.0 (3) 330 3.800 of follow-up (36—40 months). During the 3 years of neuro-

patients included pulmonary contusion (five cases), pleural
effusion (five cases), and rib fracture (three cases).

Surgical Process

After opening the spinal canal, the dura mater was found to
be intact in five patients, and the dura mater was partially
torn in two patients. After the dura mater was opened and the
spinal cord was exposed, the spinal cord was observed to be
severely compressed and contused, and injured spinal cord
tissue exhibited diffuse hyperemia, edema, and necrosis
(Fig. 2A). However, the physical continuity of the spinal
cord of all patients remained basically intact. The boundaries
of the SCI were determined using neuroelectrophysiological
monitoring combined with MRI and intraoperative observa-
tion. Necrohemorrhagic spinal cord tissue was carefully
cleaned (Fig. 2B), and the length of the defect was measured.
Then, NeuroRegen scaffolds were loaded with BMMCs
(Fig. 2C) and implanted into the cleaned site of the injured
spinal cord (Fig. 2D). The biogel was evenly injected onto
the scaffolds (Fig. 2E); then, the dura mater was tightly
sutured (Fig. 2F). The length of spinal cord tissue cleaning
ranged from 2.0 to 6.0 cm, the length of NeuroRegen scaf-
fold implantation ranged from 1.0 to 6.0 cm, and the quantity
of implanted NeuroRegen scaffolds ranged from 3 to 6 bun-
dles. Three of the seven patients had shorter lengths of
implanted scaffolds (1.0 cm) than the length of injured spinal
cord cleaning, which was mainly achieved by shortening
internal fixation. The average operative time was 295.71 min
(240-355 min), and the average bleeding volume was
1357.14 ml (400-3,800 ml) (Table 2). All patients success-
fully completed the operation.

logical function observation after the surgery, different
degrees of improvement were observed in terms of the sen-
sory level (two cases), defecation sensation (four cases),
physiological erection (five cases), enhanced sweating (three
cases), superficial sensation recovery (one case), and deep
sensation recovery (one case) (Table 3). In particular, one
patient exhibited obvious recovery of deep sensory localiza-
tion and feelings of numbness to pain with hot water stimu-
lation but no clear localization. Additionally, compared with
preoperative scores, the FIM score and ADL score of the
patient at 6 months and 36 months after surgery were sig-
nificantly increased (all P < 0.05), while the VAS score was
significantly reduced (P < 0.05), indicating that the indepen-
dent living ability and pain of the patient were significantly
improved after surgery (Table 4). Five of the six patients had
a slight improvement in the ASIA sensory score, while one
patient had a decreased score (Table 4). According to the
MAS scoring scale, four of six patients had varying degrees
of muscle spasm during the follow-up (Table 4). Unfortu-
nately, no obvious improvement in the ASIA grade, ASIA
motor score, motor function, SSEPs, or MEPs was observed.

CT and MRI examinations were used to estimate the area
and continuity of the injured spinal cord. Before surgery, the
spinal cord medullary cavity showed an obviously narrowed
cross-section, and spinal cord tissue was severely com-
pressed by spinal fractures (Fig. 3A, B). However, the
medullary cavity and continuity of the spinal cord returned
to a coherent state after spinal reduction and internal fixation
and the implantation of NeuroRegen scaffolds loaded with
stem cells, as observed at 1 week, 6 months, and 36 months
after the surgery (Fig. 3B). Additionally, no obvious
abnormalities, such as proliferation or cavitation formation,
were observed in the implantation area (Fig. 3B).



Cell Transplantation

Table 3. Summary of Neural Function Changes in the Patients.

Sensation level

Defecation ~ Physiological ~ Enhanced  Superficial sensation ~ Deep sensation ~ Motor function
Patient Before After sensation erection sweating recovery recovery recovery
| Tl Tl Yes Yes No Yes Yes No
2 Tl Tl Yes Yes No No No No
3 TIO Tl Yes Yes Yes No No No
4 Tl Tl Yes Yes Yes No No No
5 T4 T5 No Yes No No No No
6 TI0 T8 No No Yes No No No

Postoperative Complications in Patients with SCI

To date, all patients are alive and healthy. During the 3-year
follow-up period, some postoperative complications related
to SCI were observed. As shown in Table 5, one patient (No.
7) developed a stress ulcer and lung infection at 1 week after
the surgery and withdrew from the study at the request of the
patient’s family. One patient (No. 6) developed transient
hyperthermia (38.5°C) that did not recur after antipyretic
treatment. One patient developed a shallow wound that did
not heal after discharge but healed successfully after local
debridement. Other related complications included spasm
(four cases), paraplegic neuralgia (three cases), pressure
ulcers (one case), and lower limb amyotrophy (one case).

However, no obvious early or late adverse events related
to NeuroRegen scaffold or BMMC implantation, such as
infection, uncontrollable high fever, allergic reaction, aggra-
vation of neurological status, and cancer, were observed
immediately after the surgery or during the 36 months of
follow-up.

Discussion

The mechanisms of SCI have been extensively studied in
past decades®*®°. First, the initial physical trauma causes
direct damage to blood vessels and cell membranes at the
site of SCI. Subsequently, cascades of secondary damage
occur, including excitotoxicity, vascular dysfunction,
edema, ischemia, and free radical production, resulting in
the necrosis and apoptosis of adjacent nerve cells and even-
tually leading to glial scarring and cystic cavity forma-
tion®'*2. Scarring and cystic cavitation formation are
major obstacles to nerve regeneration in patients with
advanced SCI, resulting in permanent loss of sensory and
motor function below the level of the SCI. Thus, intervention
during the acute phase may provide maximum prevention of
secondary damage and a chance to improve the functional
recovery of SCI patients. Surgical cleaning of damaged
spinal cord tissue may be the most direct method for elim-
inating the inhibitory effects of scar tissue, but reconstruct-
ing the structure and function of the spinal cord remains an
insurmountable obstacle; one solution might be to implant
stem cells in combination with biomaterials®®-'%17:1%-3,

The implantation of NeuroRegen scaffolds loaded with
stem cells or neurotrophic factors has been shown to effec-
tively rebuild the SCI microenvironment and promote nerve
regeneration in animal models of complete SCI*>*'~*3, Then,
the safety and feasibility of the implantation of NeuroRegen
scaffolds loaded with autologous BMMCs or human umbi-
lical cord mesenchymal stem cell (hUC-MSC) was demon-
strated in patients with chronic complete SCI****. In some
patients with acute complete SCI, partial cleaning of the
injured spinal cord followed by scaffold implantation effec-
tively improves sensory and motor function®*>>. However,
the number of reported cases and the follow-up periods are
limited, and determination of the efficacy and safety requires
more samples and longer observation periods. In this study,
necrotic spinal cord tissue was cleaned in seven patients with
acute complete SCI, and then NeuroRegen scaffolds com-
bined with biogel and BMMCs were implanted into the
cleaned sites. Except for some common complications of
SCI, no obvious adverse reactions related to scaffold or stem
cell implantation were observed. Additionally, sensation
level expansion and autonomic nerve function recovery
(defecation sensation, physiological erection, enhanced
sweating) were observed in some patients, and one patient
even exhibited erratic recovery of superficial sensation and
deep sensation (No. 1). All patients showed significant
improvements in the FIM, ADL score, and VAS score at 6
and 36 months after the surgery. MRI during the postopera-
tive follow-up also showed that NeuroRegen scaffold
implantation improved the continuity of the injured spinal
cord. Cystic cavitation formation is an important factor hin-
dering spinal cord regeneration. During the 3-year follow-up
period, no obvious cystic cavitation formation or malignant
proliferation was observed. Due to a lack of reliable controls,
the specific clinical significance still requires further confir-
mation. Moreover, in addition to some conventional compli-
cations, no obvious early or late adverse events related to
NeuroRegen scaffold or BMMCs implantation were
observed. These findings indicate that implantation of Neu-
roRegen scaffolds combined with stem cells may serve as a
safe clinical treatment for patients with acute complete SCI.
Unfortunately, no significant improvement in the ASIA
grade, ASIA motor score, or motor function was achieved.
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Table 4. Scale Evaluation Results in SCI Patients after Surgery.

ASIA sensory index score

Modified Ashworth spasti-

(right/left)

city scale score

Activities of daily living Visual pain score

Functional independence score

36
months

36
months

Before months

6 months 36 months Before 6 months 36 months Before months

Before

6 months 36 months

Before

Patient

70/70

66/62
70/70
70/70
69/69
43/42
54/56

68/68
66/66
66/66
68/68
40/40
62/62

0
12
18

6

6

0

10
10
10
10
30
20
15.00 + 8.37

10
30
30
20
20

80

80

80

80

70

80
78.30 + 4.08

45

25

75 82

48
48
50
48
50

49
48.83 + 0.98 78.00 + 10.22 84.6 + 824 0.00 + 0.00 31.67 + 2.11

70/70
72/72
70/66
42/42
54/56

12
24

40
35
35
35

45
39.17 + 2.01

30
30
35
30
40

94
82

74
89
72
66
92

88

71

91

18.33 + 11.69

0.00

0.00

Mean

0.00

0.00

0.00

0.00

P: 6 months, 36 months versus before surgery. SCI: spinal cord injury.

Although this study failed to achieve the expected surgi-
cal results, several points are worthy of further discussion,
and we hope to provide a reference and insight for similar
research in the future. First, there is a lack of fully accurate
standard clinical procedures for accurately diagnosing
patients with acute complete SCI. Large studies have cited
that 10%—20% of patients diagnosed with complete SCI are
converted to a diagnosis of incomplete motor injury within
12 months*®%. One explanation for this phenomenon may
be the misdiagnosis of incomplete SCI as complete SCI due
to spinal shock. Spinal shock refers to the phenomenon when
the spinal cord temporarily loses its ability to reflex and
enters an unresponsive state, which often starts within a few
minutes after a severe SCI and recovers after several days to
several weeks. Early in spinal shock, although the nervous
system is unable to effectively transmit neuronal signals,
anatomical neural connections may still exist. Therefore,
more stringent criteria should be used to identify patients
with acute complete SCI before surgically cleaning injured
spinal cord tissue. First, the patient must be confirmed to
have passed the spinal cord shock stage without recovery
of sensory and motor function below the injury level. Addi-
tionally, preoperative examination and intraoperative obser-
vation should suggest that the spinal cord is severely
compressed and injured. Finally, preoperative and intrao-
perative neuroelectrophysiological monitoring should indi-
cate no signal transmission in the injured segment, with
further confirmation of complete SCI. In this study, seven
patients were comprehensively confirmed to have acute
complete SCI by a combination of methods, but the potential
risks cannot be completely ignored. Perhaps patients with a
completely severed spinal cord may be more clinically
meaningful for this study. Furthermore, a well-designed con-
trolled study may be more convincing, and more efficient
diagnostic techniques and more rigorous diagnostic criteria
may be required®’.

The second issue is determining the length and extent
of inactivated spinal cord tissue. Due to secondary injury
after SCI, the area of spinal cord inactivation may be
further enlarged. A variety of techniques, such as physical
examination, MRI, and neuroelectrophysiology, have
been used to determine the extent and segments of SCI*’.
In this study, based on preoperative imaging examina-
tions, intraoperative neuroelectrophysiology monitoring
was used to identify the rostral and caudal edges of the
injured spinal cord®***. In this study, the length of the
injured spinal cord requiring cleaning ranged from 2.0 to
6.0 cm, and the length of NeuroRegen scaffold implanta-
tion ranged from 1.0 to 6.0 cm. Due to difficulties in
nerve regeneration, the length of a spinal cord defect may
also affect nerve recovery. Therefore, in three patients,
we attempted to shorten the length (1.0 cm) of spinal
cord cleaning via internal fixation and compression
(Table 2). However, since no obvious motor or sensory
recovery was observed in any patients, the significance of
this approach requires further research.
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Preoperative

Postoperative

Preoperative

36 months
after surgery

6 months
after surgery

Postoperative

Fig. 3. Preoperative and postoperative CT and MRI images of patients with acute complete spinal cord injury who underwent functional
NeuroRegen scaffold implantation. (A) Preoperative and postoperative CT images. (B) MRI images of preoperatively, postoperatively, and 6
and 36 months after surgery. CT: computed tomography; MRI: magnetic resonance imaging.

Table 5. Postoperative Complications in SCI Patients.

Patient ~ Stress ulcer Pneumonia Fever Spasm  Paraplegic neuralgia  Pressure ulcers Impaired wound healing  Myatrophy
| No No No No Yes No No No
2 No No No Yes Yes No No No
3 No No No Yes Yes No No No
4 No No No Yes No Yes No No
5 No No No Yes No No Yes No
6 No No Yes No No No No Yes
7 Yes Yes No No No No No No

SCI: spinal cord injury.

In addition, under the premise of avoiding further damage
to the spinal cord, to eliminate the inhibition of nerve repair
by necrotic spinal cord tissue, the injured spinal cord tissue is
fully cleaned under intraoperative neuroelectrophysiological
monitoring. However, determining the extent of injured
spinal cord cleaning still involves many technical difficul-
ties. Some case reports have suggested that in patients with
acute complete SCI, partial cleaning of the injured spinal
cord followed by functional scaffold implantation may
improve a patient’s sensory and motor function®***, but
these studies did not explain how to define the scope of
cleaning. Our recommendation is to clean necrotic spinal
cord tissue as precisely as possible based on the degree of
SCI using intraoperative neuroelectrophysiology monitor-
ing. However, determining the specific cleaning range of
injured spinal cord tissue still needs further research.

Additionally, due to the dynamic changes observed in the
pathophysiology of SCI, the specific timing of surgical inter-
vention is also worth exploring'®*°.

Third, the therapeutic effect of scaffolds combined with
stem cells in SCI is still limited. It has been widely con-
firmed that collagen scaffolds can induce stem cell differ-
entiation, form a neural bridge across spinal cord defects,
and reconnect the spinal cord in animal models'®. The safety
and availability of the scaffolds used in this study have also
been confirmed in a variety of SCI animal models in past
decades'"**22. However, even with sufficient nerve regen-
eration and axonal myelination to form a neural bridge
across the defect, motor function sometimes does not recover
as expected or even becomes worse*'. One possible expla-
nation for the contradiction between the formation of a
neural bridge and the deterioration of motor function may
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be the failure or insufficiency of regenerated axons to form
correct synaptic connections with downstream neurons'.
Therefore, promoting the formation of correct and effective
connections between new axons and downstream neurons
during the creation of a neural bridge is an important issue
that must be considered in the future.

Finally, SCI causes substantial trauma physiologically, as
well as in terms of psychological and social behavior. Most
SCI patients develop pain syndrome, depression, and related
mood disorders in the long term**~**. Therefore, whether an
SCI patient regains their confidence and actively cooperates
with treatment and rehabilitation may have an enormous
impact on their prognosis. All patients in this study partici-
pated in 6 months of standard rehabilitation, and their self-
care ability was significantly improved. However, less
attention was paid to the psychological state of the patients,
but its importance cannot be ignored.

Conclusion

In conclusion, the use of NeuroRegen scaffolds combined
with stem cells has broad prospects in the treatment of acute
complete SCI. Since this study belongs to a non-controlled
phase 1 clinical study, the effectiveness of recovery out-
comes is still limited. We hope to provide more ideas and
inspiration for similar research in the future by sharing the
results and our experience in this study openly and
transparently.
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