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ABSTRACT

The objective of this study was to assess the safety and efficacy of transplanting bonemarrow nucleated
cells (BMNCs) to treat childrenwith complete interruptionof spinal cord (SC) continuity. Thepresent study
was conducted from 2005 to 2011. The inclusion criteria were a magnetic resonance imaging-confirmed
complete interruption of SC continuity and no improvement in neurological status within 6 months after
standard therapy. Bone marrow was isolated from the iliac ala and submitted to BMNC isolation. Subse-
quently, the cell suspensionwas administered into the SC cavity and intravenously. In total, 18 of 19 intra-
spinal and intravenous BMNC transplantation procedures performed caused no adverse events. One case
was connectedwith transient bradycardia. Theexperimental therapy showedno late complications in the
1- to 6-year follow-up evaluation period. Neurological improvement was observed in two patients who
received multiple implantations. One patient demonstrated improved superficial sensation from Th3 to
Th12/L1 and a restored bladder-filling sensation. In the other case, superficial sensation was improved
from C2 to C5, and the respiratory drive, the swallowing reflex, and tongue movements were restored.
Spasticityandqualityof lifewere improved in threeof fivepatients. Inaddition, skinpressureulcershealed
and did not recur. Our preliminary results demonstrate the safety and feasibility of BMNC transplantation
inchildrenwithcompleteSC injury.Theresults indicate thatacertaindegreeofneurologicalandquality-of-
life improvement can be attained by childrenwith chronic complete SC injurywho receivemultiple BMNC
implantations. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:395–404

INTRODUCTION

Spinal cord injury (SCI) with an interruption of spi-
nal cord (SC) continuity results in an irreversible
loss of neuronal connections, leading to SC dys-
function, profound disability, significantly af-
fected quality of life, and even death. More than
130,000 people sustain new SCIs each year
worldwide [1]; most are young individuals,
and 82% are young males. Progress in emergency
medicine, nursing care, and long-term care for SCI
patients has resulted in increased survival; how-
ever, survival decreases with age and depends
on the injury level [2].

Standard management after SCI includes sta-
bilization of the injured region and subsequent
long-term conservative and rehabilitation treat-
ment [1], although the optimal duration of the in-
tervention is disputable [3]. Patients with SCI
develop several long-term complications, such
aspneumonia, atelectasis, deepvenous thrombo-
sis, pulmonary embolism, pressure ulcers, auto-
nomic dysreflexia, renal calculi, fractures [4],
spasticity (up to 70%) [5], and neuropathic pain
(40%–50%) [6]. The complications are a frequent

cause of morbidity and mortality and lead to an
increased rate of rehospitalization [4]. Thus, con-
servative treatment involves the prevention of
post-traumatic complications as well as analgesic
treatment and rehabilitation. Nevertheless, we
still lack standard treatment methods that can
regenerate sensory and motor neurons, which
would enable the complete or partial functional
recovery of the patient.

Experimental approaches to SCI treatment
using the cellular delivery of growth factors dem-
onstrated that insulin-like growth factor 1 supports
corticospinal axon survival [7]; that neurotrophin-3
causes partial functional recovery [8]; and that the
placement of molecular, cellular, or “synthetic”
bridges in the lesion cavity supports axonal regen-
eration across the lesion site [9]. Sciatic nerve
conditioning of lesions result in regeneration of
the injured SC [10], and stimulating cAMP signal-
ing increased the intrinsic growth capacity of
injured sensory axons [11], overcomingmyelin in-
hibition [12].

The combination of cAMP, neurotrophin-3,
and intralesional mesenchymal stem cell (MSC)
administration causes better regeneration than
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single factors [13]. A phosphodiesterase type 4 inhibitor causes
regenerationwhen applied togetherwith embryonic spinal tissue
implantation [14] or with Schwann cell grafts, which promote sig-
nificant axon sparing and myelination [15].

Sensory and functional recoverywas alsodemonstrated using
glial scar inhibitionby chondroitinaseABC [16], andneutralization
of an important neurite outgrowth inhibitor, Nogo-A, stimulated
axonal sprouting [17]. Neuronal and axonal regeneration, result-
ing in improvements in sensory and motor function, after the
administration of embryonic stem cells, MSCs, neural stem/
progenitor cells, olfactory ensheathing cells (OECs) or Schwann
cells was nicely reviewed by Li and Lepski [18].

Bone marrow (BM) has been demonstrated to be a source of
different stem and progenitor cells, including hematopoietic, an-
giogenic and epithelial cells [19], andMSCs [20], but BM also con-
tains neural tissue-committed stem cells, which are mobilized
into the peripheral blood during a cerebral stroke [21]. These cells
produce numerous trophic growth factors [22]. The intravenous
administration of CD34+ BM cells has been demonstrated to pro-
mote an environment that supports the neovascularization of the
ischemic brain, enabling neuronal regeneration [23]. In addition,
intracerebral transplantation of CD34+ and/or CD133+ cells im-
proved neurological function in animalmodels [24]. BMMSCs ad-
ministered intracerebrally [25] or via the carotid artery [26] into
the ischemic brains of rats caused significant improvement in
functional performance. Remyelination of SC axons following
the intravenous delivery of BM cells [27, 28] and functional im-
provement after the intraspinal administration of BM stromal
cells have also been demonstrated [29].

Nine clinical trials evaluating the safety and efficacy of using
autologous BM-derived cells alone or in combination with
granulocyte-macrophage colony-stimulating factor in acute
[30–35], subacute [34, 35], and chronic [32, 34–38] adult SCI
patients have been published since 2005, involving a total of
401 patients. The safety and feasibility of intravenous and intra-
spinal single implantationsweredemonstratedbyall groups,with
only minor adverse events in some patients, such as fever, in-
creased leukocytosis, skin rash, dizziness, itching, headache, rigid-
ity, and abdominal discomfort [30, 35, 37]. These studies provide
evidenceof thepossibility ofneurological, sensory, and functional
improvement; quality of life improvement; and partial restora-
tion of the neural paths in the SC for patients with acute, sub-
acute, or chronic SCI. However, greater improvement was
observed inpatientswith acute SCI, andanegative correlationbe-
tween the time interval from the injury to cell therapy and the
outcome was noted [32, 34]. Three groups demonstrated im-
provements in patients with chronic SCIs who received BM cells
by intrathecal administration [32, 37, 38], whereas one study
found no improvement [35]. The importance of intramedullary
administration compared with only intravenous administration
was demonstrated for attaining neurological improvement
[34], regardless of the length of time since injury. The cell dose
seemed to influence the appearance and degree of the improve-
ment [33]. Single implantations of BM MSCs mainly produced
slight improvements in patients with acute [39], subacute, or
chronic SCI [40, 41], although considerable improvement in
patientswith subacute SCIwas also reported [42]. Allogeneic um-
bilical cord and cord-blood MSCs were demonstrated to cause
a slight improvement in patients with incomplete [43] and com-
plete [44] chronic SCI, respectively, and considerable improve-
ment was seen in patients with incomplete SCI when several

roundsof cord-bloodCD34+ and cord-tissueMSCcellswere trans-
planted [45]. The single or multiple use of OECs produced slight
[46] or considerable [47] improvements, respectively, in patients
with chronic complete SCI. The transplantation of olfactory mu-
cosa in patients with complete chronic SCI caused slight improve-
ment [48] or considerable improvement [49] in several patients.
The administration of Schwann cells was shown to be safe and to
produce slight improvement [50, 51]. Similarly, slight sensation
improvementwasobserved in several patients after the single ad-
ministration of a combination of MSCs and Schwann cells [52].
Considerable improvement in patients with chronic SCI was
achieved using a combination of MSCs and the patients’ autoim-
mune T cells [53].

The objective of the current study was to assess the safety
and efficacy of combining multiple intravenous and intrathecal
administrations of BMnucleated cells (BMNCs) for the treatment
of a group of five children with chronic SCI characterized by the
complete interruption of SC continuity.

MATERIALS AND METHODS

Patients

The presented study was a prospective, longitudinal medical ex-
periment. The study was performed at University Children’s Hos-
pital (UCH) in Cracow, Poland, from 2005 to 2011. The trial was
approved by the Jagiellonian University Medical College bioethi-
cal committee (KBET/13/B/2005). The parents of all eligible pedi-
atric patients providedwritten informed consent according to the
Helsinki Declaration. Pediatric patients with chronic SCI were in-
cluded in the study. The general data collected before the exper-
imental therapy consisted of age, gender, the cause of injury, the
injury level, the length of time since the injury, previous medical
treatment for SCI, and past medical history.

Enrollment Criteria

The study included patientswith SCIwith a complete interruption
of SC continuity confirmed by imaging studies (computed tomog-
raphy andmagnetic resonance imaging [MRI]) andwith American
Spinal Injury Association (ASIA) impairment scale grade A. No pa-
tient selectionwas performed depending on the level of SCI. Only
children with aminimum of a 6-month time interval between the
trauma and the initiation of experimental therapy were enrolled
(classified by the authors as “chronic SCI”), with no improvement
in theirmedical conditionafter standardandobligatory therapeu-
ticmethods andwithnodeteriorationor significant improvement
of SC function within the 1-month period preceding the experi-
mental therapy. Patients with focal central nervous system
lesions (neoplastic lesions, untreated vascular malformations)
or chronic diseases (e.g., systemic diseases) that would require
long-term pharmacotherapy were excluded from the study.

Prior to the treatment, the patients were examined by
a neurologist.

The BM-derived cell implantation procedure was performed
when thepatientswere stable,without contraindications for gen-
eral anesthesia from the viewpoint of internal medicine and car-
diology and without any serious infectious diseases, including
sepsis, immediately prior to the procedure.

Ultimately, five patients were enrolled in the study. In total,
these patients were subjected to 19 implantation procedures
with BM-derived cells.
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Procedures

BM Aspiration

Autologous BM from patients who qualified for the experimental
treatment was harvested from the posterior superior iliac crest
under general anesthesia. With the patient placed in the prone
position, with a slightly elevated pelvis, the BM was aspirated
from multiple punctures of the iliac ala. BM was collected in
medium consisting of 0.9% sodium chloride, heparin, and
gentamicin.

BMNC Isolation, Evaluation, and Preparation
for Transplantation

The isolation of BMNCs from BM suspension was performed at
the Department of Transplantation, Jagiellonian University Med-
ical College, using 10% hydroxyethyl starch solution (Fresenius
Kabi, Kutno, Poland, http://www.fresenius-kabi.pl). Hydroxy-
ethyl starch was added to the BM until a final concentration of
3% was reached. Next, the obtained solution was mixed and left
in a sterile bottle for 40–50 minutes for distribution. After all
erythrocytes had sedimented at the bottom of the bottle, the up-
per cell suspension was collected into 50-ml tubes and centri-
fuged. The supernatant was discarded, and the cell suspension
was washed with phosphate-buffered saline (PBS) solution
(PAA Laboratories, Goetzis, Austria, http://www.paa.at) and re-
suspended in PBS. The cell number was evaluated, and the cells
were divided into two parts.

The number of the cells was assessed using a hematocytom-
eter. The viability of the cells was checked using a trypan blue ex-
clusion assay (0.4% solution; Sigma-Aldrich, Seelze, Germany,
http://www.sigmaaldrich.com). The percentages of CD34+ and
CD133+ cellswere assessed according to the International Society
ofHematotherapyandGraft Engineeringprotocol usingmonoclo-
nal anti-CD34-PE and anti-CD133-PE antibodies (BD Biosciences,
San Jose, CA, http://www.bdbiosciences.com) and cytofluorimet-
ric evaluation on a FACSCalibur (Becton, Dickinson and Company,
Franklin Lakes, NJ, http://www.bd.com). The sterility of the ma-
terial was confirmed by microbiological evaluation.

The first sample of BMNCs, comprising 0.5 3 109 cells, was
centrifuged and resuspended in 5 ml of 5% glucose solution (Fre-
senius Kabi) for intraspinal injection. The second sample, compris-
ing the rest of the cells, was prepared in 30 ml of PBS for
intravenous injection.

Surgical Procedure and BM-Derived Cell-
Transplantation Procedure

The surgical procedure was performed by a team of specialists
from the Department of Children’s Neurosurgery at UCH in Cra-
cow. With the patient under general anesthesia, the SC was
exposed by a laminectomy. The injury was verified under a
microscope, and the necrotic tissues were resected. The BMNC
suspensionwas administered directly to the site of the SCI cavity
and peripherally via cubital vein for 10 minutes using a drip infu-
sion set. The wound was closed in a typical manner, with theme-
ninx closed with a watertight suture and the resected lamella of
the vertebral arch restored. Subsequent BMNC implantations
were performed at variable intervals, the length of which
depended on the general condition of the patient, the prognosis
regarding possible further effectiveness of the experimental ther-
apy, and the parent’s consent. Cells were infused via lumbar

puncture and intravenously except in case 1, in which the cells
were administered only intramedullary. All of the patients under-
went intensive neurorehabilitation (4-week duration) after every
cycle of the experimental treatment.

Pretreatment Neurological Examination

Pretreatment neurological examinations were performed
according to aprotocol that included anevaluation ofmotor func-
tion according to the ASIA scale and the Frankel grading system.
Sensory deficits were evaluated using dermatome sensory maps.
Post-traumatic spasticity was assessed using the Ashworth scale,
andbladder function evaluationwasbasedon subjective parental
evaluation. Similarly, quality of life was assessed on the basis of
parental evaluation according to the Spinal Cord Independence
Measure (SCIM) scale.

Safety Evaluation Criteria

The safety criteria for the transplantation procedure included the
appearance of infection, fever, headache, pain, an increased level
of C-reactive protein, increased leukocytosis, allergic reaction
or shock, and perioperative complications (anesthesia- and
analgesia-related complications, infections of the wound) for
7–14 days after the procedure. The safety criteria for using
BMNCs included infection, neuropathic pain, cancer develop-
ment, and deterioration of the neurological state and were
assessed for a 1- to 6-year follow-up period.

Follow-up Assessment of Treatment Success

The follow-up evaluation consisted of a neurological examination
evaluating sensation and motor improvement measured by the
ASIA scale and the Frankel grading system. Sensory deficits were
evaluated using dermatome sensory maps. Post-traumatic spas-
ticity was assessed using the Ashworth scale, and bladder func-
tion evaluation was based on subjective parental evaluation.
Similarly, quality of life was assessed based on the functional re-
covery estimated by the SCIM method [54].

In addition, an evaluation of the development of neuropathic
pain, secondary infections, urinary tract infections, or pressure
ulcers of the skin was performed.

RESULTS

Case Presentation

Case 1

A boy experienced a perinatal injury of the cranio-occipital junc-
tion in the course of a forceps delivery. He was admitted to UCH.
The injury resulted in damage to the SC involving the C1-C2 seg-
ment and the clinical symptoms of a complete transverse SC
lesion, such as tetraparesis, apnea, a preserved brainstem reac-
tion, and bulbar syndrome. The patient was submitted to contin-
uous mechanical ventilation.

At the age of 7 months, the boy was subjected to the exper-
imental therapy. BMNC implantation was performed into the
injury cavity only once, and the treatment was discontinued
owing to withdrawal of parental consent. After the implanta-
tion procedure, the patient underwent 4 weeks of intense
neurorehabilitation.

There were no adverse events connected with the transplan-
tation procedure and no later adverse events.
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The patient, who had vegetative symptoms, died several
years after the implantation from severe pneumonia and con-
comitant respiratory failure.

Case 2

A boy was hit by a motor vehicle at the age of 7 years. MRI of the
thoracic spine demonstrated a concussion of the anterior SC
(hematomyelia) at Th9-Th10. Blood was also present in the sub-
arachnoid space at Th10. A follow-up MRI of the SC showed its
complete destruction at the aforementioned level. A computed
tomography scan of the head did not show any abnormalities.
Conservative treatment and motor rehabilitation in the initial
phase improved themedical condition of the patient; themuscles
of the shoulder girdle and upper extremities were strengthened,
active functionof theobliqueand straight abdominalmuscleswas
restored, and the boy had better trunk control. Neurologically,
spastic paralysis of the lower extremities persisted, and super-
ficial and deep sensation was preserved up to Th12. The boy
presented with a neurogenic bladder without vesicoureteral
reflux.

Sixty months later, the boy was admitted to UCH and sub-
jected to the experimental therapy. The boy had two BMNC
implantations (Table 1; Fig. 1). In the course of the first procedure,
the injured segment of the SC was subjected to revision, an intra-
medullary scar was resected, and a portion of BMNC suspension
was implanted into the injury cavity using a drain. At the same
time, the second sample of BMNCs was administered intrave-
nously. After the implantation procedure, the patient underwent
4 weeks of intense neurorehabilitation. After 13.5 months, the
transplantation was repeated, and BMNCs were administered in-
travenously and via lumbar puncture.

There were no adverse events connected with the transplan-
tation procedures. Within the 5 years of follow-up, no negative

effects of the BMNC treatment were noted. Neither clinical nor
imaging examinations showed any improvement. The ASIA grade
of A did not change; however, the patient reported quality-of-life
improvement. The patient’s spasticity was reduced from 2 to 1+
on the Ashworth scale. The SCIM score in appendix A, part 1, re-
garding the ability to self-service, increased from 13 to 15 points;
in part 2, regarding respiratory and sphincter management, the
score stayed at 29, and room and toilet mobility improved from
7 to9points; and inpart 3, regarding indoor andoutdoormobility,
the score remained at 7 points (Table 2).

The parents’ consent for the experimental therapy was with-
drawn after the second round of BMNC implantation.

Thepatientwas followedupby theOutpatientDepartment of
Neurosurgery and was submitted to regular follow-up examina-
tions. The last examination was performed in March 2012.

Case 3

A6-year-oldboywashitbya treebranch,whichcaused injuryof the
thoracic spine (SCIWORA).On the 10thday after the injury, the boy
was admitted to the Department of Neurosurgery at UCH in Cra-
cow. At admission, the child was conscious (Glasgow Coma Scale
score of 15) and presented with flaccid paralysis of the lower ex-
tremities, obliterated superficial and deep sensation starting at
Th3, and traceabdominalmedial and inferior skin reflexes.Because
MRI was not possible, myelotomography showed a focal concus-
sion of the SC at Th5-Th7 (and especially Th3-Th4), which predom-
inantly involved the posterior horns and lateral columns of the SC.
In addition, the patient was diagnosed with cerebral concussion,
hemothorax, and a fracture of the left femoral bone. Conservative
treatment and motor rehabilitation in the initial phase did not
cause any significant neurological improvement.

One year later (in 2005), the patient qualified for the exper-
imental therapy. In the course of a laminotomy of the Th3-Th4

Table 1. The number of cells in and characteristics of each BMNC transplantation

Case
Number of

transplantations Transplant

Number of cells administrated intrathecally
and via lumbar puncture Number of cells administrated intravenously

BMNCs [3109] CD34+ [3106] CD133+ [3106] BMNCs [3109] CD34+ [3106] CD133+ [3106]

Case 1 1 1st 0.508 2.39 0.6 —a —a —a

Case 2 2 1st 0.5 5.1 2.55 0.95 14.95 7.48

2nd 0.5 5.85 0.45 1.5 28.08 2.16

Case 3 8 1st 0.54 7.13 3.83 1.6 21.12 11.36

2nd 0.5 4 0.95 1.5 12 2.85

3rd 0.5 9.2 2.4 1.5 27.6 7.2

4th 0.5 5 4.15 1.5 15 12.45

5th 0.5 4.25 2.1 1.81 15.39 7.6

6th 0.5 6.45 2.9 1.4 18.06 8.12

7th 0.5 6.45 2.9 2.06 26.57 11.95

8th 0.5 5.15 1.6 5 51.5 16

Case 4 2 1st 0.5 3 1.45 1.47 5.7 2.75

2nd 0.5 12.05 2.95 2.4 36.15 8.85

Case 5 6 1st 0.5 4.15 2.1 0.88 7.30 3.70

2nd 0.5 4.75 1.95 1.88 17.86 7.33

3rd 0.5 8.55 2.15 2.2 37.62 9.46

4th 0.5 2.6 1.75 3.6 18.72 12.6

5th 0.5 2.85 0.6 4.3 24.5 5.16

6th 0.5 4.85 0.75 5.38 52.19 8.07

A constant number of BMNCs (0.53 109, containing different numbers of CD34+ and CD133+ cells) was administered intrathecally during injury cavity
revision or via lumbar puncture. The remaining BMNCs (containing a different number of CD34+ and CD133+ cells) were administered intravenously.
aNo data.
Abbreviation: BMNC, bone marrow nucleated cell.
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arches performed under general anesthesia, the intramedul-
lary cavity was revised, the necrotic tissues were resected,
and the patient received an intrathecal and intravenous BMNC
infusion (Table 1; Fig. 1). A follow-up MRI of the thoracic spinal
canal demonstrated a 303 17-mm intraspinal and intramedul-
lary fluid-filled space situated at Th3-Th4 that extended to the
enlarged intervertebral foramens Th3/Th4 and Th4/Th5. At the
level of Th5, themedulla was thinned, with a sagittal dimension
of up to 3mm, whereas at Th6, the dimension was 5mm. There
were no adverse events connected with the transplantation
procedure. After the implantation procedure, the patient un-
derwent 4 weeks of intense neurorehabilitation. Clinical and
imaging examinations did not show any improvement. BMNC
implantations were repeated twice via lumbar puncture and in-
travenous infusion in the next year (2006). The first slight neu-
rological improvement was observed during a neurological
examination after the third implantation and manifested as
a change in sensation level starting at Th5 (Table 3). The fourth
transplantation was performed in 2007. Next, two transplan-
tations were performed in 2008. Further improvement of sen-
sation level, descending by eight segments, was then observed
to Th12/L1. The ASIA grade of A changed to B/C, and the
Frankel scale score of A changed to C. The patient declared im-
provement in the sensation of urinary bladder filling. The
patient’s spasticity was reduced from 2 to 1 on the Ashworth
scale. The patient declared improvement in quality of life
(Table 2). The SCIM score in appendix A, part 1, regarding abil-
ity to self-service, increased from 13 to 16 points; part 2,
regarding respiratory and sphincter management, changed
from 29 to 34 points and, regarding room and toilet mobility,
changed from 7 to 8 points; and the score in part 3, regarding
indoor and outdoor mobility, remained at 7 points. Another
twoBMNC implantationswere performed in the following year
(2009). No further improvementwas observed. In total, the pa-
tient was subjected to eight BMNC transplantations (Table 1;
Fig. 1). None of the transplantation procedures caused any
adverse events. Within the 3 years of follow-up, no negative
effects of the BMNC treatment were noted, and imaging
examinations excluded any possibility of lesions that are car-
cinogenic in character.

The patient is being followed up by the Outpatient Depart-
ment of Neurosurgery. The last examination was conducted in
March 2012.

Case 4

Aboywas severely injuredat theageof 3 yearswhenhewashit by
the wheel of a backing-up cart. On admission to UCH, the child
was hospitalized in the intensive care unit. Within the initial 24
hours, his fractured left zygomatic bonewas set, and his retrobul-
bar hematomawas evacuated. Hewas in a pharmacological coma
for the next 3 days. A neurological examination showed flaccid
paraparesis of the lower extremities, profound paresis of the up-
per limbs, obliteration of deep and superficial sensation and
lower limb position sense, superficial sensation in the lower limbs
from the level of C3-C4, and paralysis of the sphincters.MRI of the
spinal canal showed lesions of edematous-malacic character in
the cervical SC and interior segment of the medulla oblongata,
extending from C7 downward and reaching the terminal cone.
The entire cross-section of the SC was filled with an intramedul-
lary hematoma, and a fracture of the C4 vertebral body was ob-
served. Conservative treatment during the first stage caused
a change in sensation level to Th1. Motor rehabilitation intro-
duced during the following year did not cause any significant neu-
rological improvement.

The child then qualified for experimental therapy. Thepatient
received two BMNC implantations (Table 1; Fig. 1). In the course
of the first procedure, a Th2-Th3 laminectomy was performed,
the necrotic tissue was resected, and a suspension of BMNCs
was administered to the posthematoma intramedullary cavity
and intravenously. A second implantation of BMNCs was per-
formed 2 years later via lumbar puncture and intravenous infu-
sion and was complicated by transient bradycardia caused by
the patient’s reaction to the anesthetic drugs, which necessitated
interrupting the procedure. One half of the prepared cell volume
was administered. Postoperatively, the child demonstrated slight
disturbances in short-termmemory and subcutaneous liquorrhea
at the surgical site. The therapy was terminated. There were no
adverse events connected with the transplantation procedures.
No late complications following the experimental therapy were
observed in a 2-year follow-up period. Improvement in the neu-
rological or clinical condition of the patientwas not observed. The
parents’ consent for the experimental therapywaswithdrawn af-
ter the second round of BMNC implantation.

Contact with the patient was lost at the beginning of 2012 as
a result of the parents’ decision.

Case 5

A girl experienced an injury involving the medulla oblongata and
cervical SCat theageof 2.5 years. At admission to theDepartment
of Neurosurgery at UCH in Cracow, a neurological examination
showed flaccid tetraparesis, obliteration of motor function and
all types of sensation starting at C5, an absent swallowing reflex,
and an absent respiratory drive. The child required a tracheos-
tomy, continuous mechanical ventilation, and percutaneous en-
doscopic gastrostomy (PEG). MRI demonstrated destruction of
the SC involving C2-C4. During the first stage of therapy, conser-
vative treatment was initiated, and the patient was bedridden
andmotor-rehabilitated at the bedside. Standard postinjury ther-
apy for more than a year-long period caused no improvement.
The patient had two pressure ulcers. Both of these ulcers were
localized to the iliac crest region, on the left and right sides,
and were approximately 1.5 3 2.0 cm in size.

The patient then qualified for experimental therapy. In total,
she was subjected to six cell implantations, one each in 2007 and

Figure 1. Time intervals between SCI and subsequent bonemarrow
nucleated cell implantations. Neurological improvement is shown in
the patients from case 3 and case 5. Abbreviation: SCI, spinal cord
injury.
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2008 and two each in 2009 and 2010 (Table 1; Fig. 1). During the
first surgery, the necrotic tissues were resected, and the BMNCs
were administered into the injury cavity, followed by intravenous
infusion. Next, implantations were performed by lumbar punc-
ture and intravenous infusion. After the fifth procedure, a slight
improvement in neurological status was observed (Fig. 1). The
ASIA grade of A changed to B, and the Frankel scale score of A
changed to C. The patient signaledmosaic patterns of pain sensa-
tion, active tongue movements appeared, and her swallowing
ability and respiratory drive were restored. Thus, the girl was
fedorally and through thePEG, and the cough reflexwas restored.
The sensation level decreased to Th1. Thepatient continued to be
bedridden and to present with tetraparesis. Her skin was pink,
without necrotic lesions or pressure ulcers. The patient’s spasticity
was reduced from 1+ to 1 on the Ashworth scale. The parents de-
claredsignificant improvementof thechild’squalityof life (Table2).
The SCIM scale score in appendix A, part 1, did not change (score of
0), but in part 2, regarding respiratory and sphinctermanagement,
the score increased from 10 to 16 points, although room and toilet
mobility did not change (score of 0); part 3, regarding indoor and
outdoor mobility, did not change in score (score of 0).

None of the BMC transplantations caused any adverse events
(Table 4). No late complications following the experimental ther-
apy were observed in a 6-year follow-up period.

The patient is monitored at the Department of Children’s
Neurosurgery.

Case Summary

General data collected from the five patients enrolled in the ex-
perimental cell therapy are presented in Table 5. Four boys and
one girl who were 3–7 years old at the time of admission and

who had complete SC interruptions at different levels and from
different causes participated in the trial. The patients were in-
cluded in the trial no earlier than 6 months after injury.

Collectively, 19 intrathecal and intravenous BMNC implanta-
tion procedures were performed. In total, 18 BMNC intrathecal,
lumbar puncture, and intravenous transplantation procedures
were performed with no adverse events, such as infection, fever,
pain,headache, increased levelofC-reactiveprotein, increased leu-
kocytosis, allergic reaction or shock, or other perioperative compli-
cations, during 7–14 days of follow-up. In one patient, transient
bradycardia appeared (Table 4). The patients were submitted to
1–6 years of long-term follow-up and demonstrated no adverse
complications, suchasaggravationofneurological status, infection,
neuropathic pain, or tumor formation.

The children were submitted to different numbers of transplan-
tations at different time intervals. The same number of BMNCs
(0.5 3 109, containing 2.39–12.05 3 106 CD34+ cells and
0.6–4.153 106 CD133+ cells) was transplanted into the SC at each
transplantation, and a variable number of BMNCs (0.95–5.38 3
109, containing 5.7–52.19 3 106 CD34+ cells and 2.16–12.45 3
106 CD133+ cells) was transplanted intravenously (Table 1; Fig. 2).

Two of the five children treated received the highest number
of transplantations and demonstrated neurological and quality-
of-life improvements (Tables 2, 3). The ASIA grade for case 3
changed from A to B/C, and the Frankel scale score changed to
C. The sensation level improved from Th3 to Th12/L1, and spas-
ticity changed from2to1after the therapy. Thepatient’s self-care
increased from 13 to 16, especially in dressing and bathing abili-
ties. Respiratory and sphinctermanagement increased from29 to
34, as the sensation of the bladder was partly restored. In addi-
tion, room and toilet mobility increased from 7 to 8.

Table 2. Quality-of-life improvement evaluated with the use of the SCIM scale for five cases

Quality of life improvement, SCIM Scale Appendix A

Part 1 Part 2 Part 3

Self-care Respiratory and sphincter management Mobility room and toilet Mobility indoors and outdoors

Case Before After Before After Before After Before After

1 0 0 0 0 0 0 0 0

2 13 15 29 29 7 9 7 7

3 13 16 29 34 7 8 7 7

4 9 9 22 22 2 2 3 3

5 0 0 10 16 0 0 0 0

SCIM scoring indicates an improvement in quality of life for three of five spinal cord injury patients. The greatest improvements occurred for patients
who had undergone multiple implantations.
Abbreviation: SCIM, Spinal Cord Independence Measure.

Table 3. Summary of the results of the neurological evaluations before and after the treatment using the ASIA, Frankel, and Ashworth grading
systems

ASIA Sensation level Frankel scale Ashworth scale Bladder function/ sensation Pressure skin ulcers

Case no. Before After Before After Before After Before After Before After Before After

1 A A C2 C2 A A 1+ 1+ 2/2 2/2 2 2

2 A A Th12 Th12 A A 2 1+ 2/2 2/2 2 2

3 A B/C Th3 Th12/L1 A C 2 1 2/2 2/+ 2 2

4 A A Th1 Th1 A A 2 2 2/2 2/2 2 2

5 A B C5 Th1 A C 1+ 1 2 2 + 2

Bladder function/sensation appearance and skin pressure ulcer healing were assessed.
Abbreviations: –, not present; +, present; ASIA, American Spinal Injury Association.

400 Bone Marrow Nucleated Cells in SCI Treatment

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE



In case 5, theASIA grade changed fromA toB, and the Frankel
score changed to C. BMNC therapy caused the appearance of sig-
naled mosaic patterns of pain sensation, and active tongue
movements and the respiratory drive were restored. Thus, the
girl was fed orally and through the PEG, and the cough reflex
was restored. Her sensation level decreased to Th1, andher spas-
ticity changed from +1 to 1 after the therapy. The ulcers that she
had at enrollment in the experimental therapy healed, and new
ulcers did not appear. Her quality-of-life improvement was
reflected by increased respiratory and sphincter management
from 10 to 16 as a result of the restored respiratory function.
The girl still needs the complete and permanent assistance of
her parents.

In addition, in case 2, although no neurological improvement
was noted, spasticity was reduced from 2 to +1. The quality of life
regarding self-care increased from 13 to 15, and room and toilet
mobility increased from 7 to 9.

The time between the injury and the beginning of the exper-
imental therapy was shorter for the patients who showed neuro-
logical improvement: 6 or 17 months in comparison with 62–68
months for those patients who did not respond to the treatment.
The improvement appeared after multiple implantations (Fig. 1).
Threepatientswithdrew fromthe therapyafter the firstor second
implantation.

In case 3, neurological improvement appeared 44 months af-
ter the beginning of the experimental therapy and after the third
and fourth BMNC implantation procedures. In case 5, neurolog-
ical improvement appeared 50 months after the beginning of
the experimental therapy and after the fifth BMC implantation
procedure.

None of the patients developed neuropathic pain. Those
patientswithout ulcers at enrollment in the experimental therapy
did not develop any ulcers during the fewyears after BMNC trans-
plantation or in the 6-year follow-up period.

Table 4. Early and late complications of the implantation procedures and experimental treatment

Complications Case 1 Case 2 Case 3 Case 4 Case 5

Early

Infection – 2 2 2 2

Fever 2 2 2 2 2

Pain 2 2 2 2 2

Headache 2 2 2 2 2

Increased level of C-reactive protein 2 2 2 2 2

Increased leukocytosis 2 2 2 2 2

Allergic reaction or shock 2 2 2 2 2

Perioperative complications 2 2 2 +a 2

Late

Secondary infections 2 2 2 2 2

Urinary tract infections 2 2 2 2 2

Deterioration of neurological status 2 2 2 2 2

Neuropathic pain 2 2 2 2 2

Carcinogenesis 2 2 2 2 2
aTransient bradycardia appeared because of the patient’s reaction to the anesthetic drugs.
Abbreviations: –, not present; +, present.

Table 5. Characteristics of the experimental group, general data, pretrial neurological evaluation, introduced treatment, and
neurorehabilitation from five case studies

Variable Case 1 Case 2 Case 3 Case 4 Case 5

Age at the time of
transplantation (years)

4 7 6 3 5

Sex M M M M F

Level of the trauma C1-C2 Th9-Th10 Th5-Th7 C7 C2-C4

Cause of the injury MVA RA HIT RA RA

Pretransplantation ASIA scale
grade

A A A A A

Pretransplantation MRI + + + + +

Pretransplantation
stabilization

+ + + + +

Introduced medical
intervention

+ + + + +

Pretransplantation
neurorehabilitation

+ + + + +

Post-transplantation
neurorehabilitation

+ + + + +

Abbreviations: +, present; ASIA, American Spinal Injury Association; F, female; M, male; MRI, magnetic resonance imaging; MVA, moving vehicle
accident; RA, road accident; HIT, hit by a tree branch.
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DISCUSSION

In the last two decades, reports have demonstrated the safety
and potential efficacy of cell therapy in adult patients with SCIs
using cells from different adult tissues, including BM cells
[30–38], MSCs [39–45], OECs [46, 47], olfactory mucosa [48,
49], and Schwann cells [50, 51], or cell combinations [52, 53].
More considerable improvements were observed for patients
with acute SCIs withmultiple transplantations or when a strategy
combining different types of cells was applied. Our preliminary
study, although conducted on a small number of patients carrying
a different injury level and type, is the first one performed on pe-
diatric patients suffering from chronic SCI. Our therapeutic ap-
proach was based on the combined intrathecal and intravenous
administration of BMNCs.

Because none of our five pediatric patients with complete SCI
whowere submitted to 19 implantations showed early complica-
tions, such as fever, headache, or elevated inflammatorymarkers,
we report the safety and feasibility of multiple intrathecal and
intravenous BMNC implantations. The safety and feasibility of
BM-derived cells for intrathecal implantation and implantation
via lumbar puncture had already been demonstrated for adult
patients [30–38], with minor side effects observed in several
patients, such as fever, headache, general ache, numbness or tin-
gling, abdominal discomfort, facial flushing, constipation, infec-
tions, neuropathic pain, or leukocytosis [30, 35, 37]. Our results
expand on these safety and feasibility reports by using BMNC
therapy for pediatric SCI patients with both single and multiple
implantations. A 1- to 6-year follow-up evaluation demonstrated
no long-term side effects after using autologous BM cells. Neuro-
pathic pain, infections, deterioration of neurologic status, and
cancer did not appear. Our results, demonstrating the safety of
using BMNCs in pediatric SCI patients, extend safety reports for
this therapy in adult patients [30–38] with both single and multi-
ple implantations.

A different volume of BM was aspirated according to the dif-
ferent bodymasses of the children. Our BMpreparationmethod-
ology was set to obtain all nucleated cells after erythrocyte
depletion. The route of administration was both intravenous
and intramedullary. The constant value in our therapy approach
was 0.53 109 BMNCs administered intramedullary and via lum-
bar puncture. The remaining BMNCs were administered intrave-
nously. Although the percentages and total numbers of CD34+

and CD133+ cells among BMNCs differed among the patients,
the numbers (mostly .4 3 106) were similar to the numbers
of CD34+ cells (4–9 3 106) in the BM reported to be sufficient
to cause improvement in adult chronic SCI patients [37]. Interest-
ingly, the administration of BM cells containing a greater number
of CD34+ cells (approximately 903 106) by another group did not
cause greater improvement [32]. Theminimal dose of CD34+ cells
in transplanted BM that was reported to cause improvement in
acute SCI patients was 2.63 106 [33], with no improvement be-
low13 106 CD34+ cells and better improvementwith 123 106 or
26 3 106 cells.

According to the bioethical committee’s guidelines, patients
were included in the trial at least 6 months after SCI. The study
approach included multiple implantations for all patients. Unfor-
tunately, only twopatients received six to eight rounds of BMNCs,
and the three others stopped after the first or second procedure
because parental consent was withdrawn. None of the patients
demonstrated any improvement after the first BMNC implanta-
tion. A lack of improvement after a single BM cell implantation
in adult patients with chronic SCI patients and complete SCI
has been reported [35], although several groups demonstrated
the possibility of improvement after a single procedure [32, 37,
38]. Interestingly, the application of multiple (three or more)
roundsofBMNC implantations resulted in the appearance of neu-
rological,motor (respiratory drive, swallowing reflex, andbladder
sensation restoration, depending on the level of the injury),
sensation, spasticity, and quality-of-life improvements in our

Figure 2. Fluorescence-activated cell sorting analysis of CD34+ (top) and CD133+ (bottom) cell content in the bone marrow nucleated cells.
Representative plots demonstrate the identification and quantification of the subpopulations. Top row: CD34+ cell population: debris exclusion,
high CD34 and low CD45 expression, low granularity and lymphocyte size. Bottom row: CD133+ cell population: debris exclusion, CD133 ex-
pression, low CD45 expression, low granularity and lymphocyte size. Abbreviations: FITC, fluorescein isothiocyanate; FSC, forward scatter;
PE, phycoerythrin; SSC, side scatter.

402 Bone Marrow Nucleated Cells in SCI Treatment

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE



pediatric patients. The restoration of the respiratory drive re-
ported in this paper is unique because respiratory dependence
is an exclusion criterion in most studies and one of the most fre-
quent causes of mortality in SCI patients [4]. In addition, quality-
of-life improvement was observed in one patient after two
rounds of BMNC. Thus, we conclude that it is possible to achieve
neurological and quality-of-life improvements in pediatric
patients with chronic SCI using BMNC therapy, but multiple
implantations may be needed. It seems that chronic SCI patients
may need prolonged trophic stimulation of the SC to attain the
improvement provided only by multiple implantations. A direct
comparison has never been performed, but the available data
seem to confirm the usefulness of multiple administrations dur-
ing cell therapy. Better improvement was seen in adults with
chronic SCI after four rounds of OEC implantation [46] than after
a single implantation [47]. Based on our results, we conclude that
when applyingmultiple implantations, the time interval between
subsequent implantation procedures may influence the thera-
peutic improvement.

Furthermore, none of the patients subjected to BMNC
implantations developed any skin lesions in the formof decubitus
sores, even during the 6-year follow-up period. In case 5, such
lesions were present prior to SC implantation, and after the pro-
cedure, the lesions healed faster and did not recur. The intrave-
nous administration of cells was reported not to cause any
neurological improvement in SCI patients [34], but we believe
that CD34+ cells and/or MSCs present among transplanted
BMNCs might act trophically (e.g., via stimulation of angiogene-
sis), providing better blood supply and better wound healing.
The intravenous application of CD34+ BMcells into the peripheral
bloodor of culturedMSCshas alreadybeendescribed tobeuseful
in the treatment of diabetic critical limb ischemia and decubitus
and skin ulcers [55, 56]. Thus, although intravenous injections of
BMNCs may not cause SC regeneration, this method may be
worth considering as away of preventing or hastening the healing
of pressure ulcers.

We are aware that our preliminary observations are based on
a small number of children, but we believe that these findings are
worth consideration while designing studies with a higher num-
ber of patients. Larger studieswith patients segregated according
to the type and level of the injury with the same infusion intervals
should be performed to obtain more consistent data.

A comparison of the treatment results obtained from a small
group of SCI pediatric patients with the results available from

adult SCI patients does not suggest an advantage for younger
SCI patients [32, 37, 38]. This finding is somehow unexpected be-
cause the younger age should provide better ability to regener-
ate. Because the present study was done on a small number of
patients, a larger study using the samemethodology for pediatric
and adult patients, allowing a direct comparison, should be per-
formed to confirm or contradict the observation.

CONCLUSION

We report the safety and feasibility of multiple BMNC implanta-
tions and of the introduced treatment strategy. Our preliminary
results demonstrate the possibility of attaining neurological, mo-
tor and sensation, and quality-of-life improvement in children
with chronic complete SCI with the use ofmultiple BMNC implan-
tations. Intravenous implantations of these cells seem to prevent
pressure ulcers and/or help them heal. These results should be
confirmed in a larger group of patients.
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