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Abstract The only available treatment of traumatic

spinal cord injury (TSCI) is high-dose methylprednisolone

(MP) administered acutely after injury. However, as the

efficacy of MP is controversial, we assessed the superiority

of erythropoietin (EPO) versus MP in improving clinical

outcome of acute TSCI. Patients aged 18 to 65 years after

C5–T12 injury, and grade A or B of the ASIA Impairment

Scale (AIS), admitted within 8 h, hemodynamically stable,

were randomized to MP according to the NASCIS III

protocol or EPO iv (500 UI/kg, repeated at 24 and 48 h).

Patients were assessed by an investigator blind to treatment

assignment at baseline and at day 3, 7, 14, 30, 60 and 90.

Primary end point: number of responders (reduction of at

least one AIS grade). Secondary end points: treatment

safety and the effects of drugs on a number of disability

measures. Frequentistic and post hoc Bayesian analyses

were performed. Eight patients were randomized to MP

and 11 to EPO. Three patients (27.3 %) on EPO and no

patients on MP reached the primary end point (p = 0.17).

No significant differences were found for the other dis-

ability measures. No adverse events or serious adverse

events were reported in both groups. The Bayesian analysis

detected a 91.8 % chance of achieving higher success rates

on the primary end point with EPO in the intention-to-treat

population with a 95 % chance the difference between

EPO and MP falling in the range (-0.10, 0.51) and a

median value of 0.2. The results of Bayesian analysis fa-

vored the experimental treatment.
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Introduction

Traumatic spinal cord injury (TSCI) is a devastating clin-

ical condition.

Primary injury is the result of the direct action of me-

chanical force on the spinal cord [1]. Secondary injury is

the result of a stroke-like ischemic insult with abnormal

arterial flow, venous stasis, edema and vasospasm, all

lowering spinal arterial perfusion to critical levels [2]. The

combination of primary and secondary degeneration de-

termines the extent of tissue damage beyond the limits of

the mechanical impact. The degenerated tissues are en-

closed in a cavity surrounded by reactive glia [2, 3].

The attenuation of both cellular and molecular abnor-

malities underlying the secondary injury may result in

improvement of recovery from TSCI-derived disability [4,

5]. More than 90 % of the TSCI are incomplete, and a

portion of the ventral axons is spared by the injury [6]. The

degree of recovery depends on the extent of spared white

matter at injury site [7]. An effective acute intervention is

as yet unavailable. The pharmacological treatment cur-

rently in use is high-dose methylprednisolone (MP) ad-

ministered acutely after injury [8, 9]. The mechanisms of
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action of glucocorticoids remain unclear, although it has

been shown that MP administration suppresses chemokine

production and the inflammatory reaction in the spinal cord

after injury [4, 10–12].

Acute administration of erythropoietin (EPO) can at-

tenuate the effects of TSCI and accelerate neurological

recovery after injury in the rat [4, 13–15]. Most of the

difference in the recovery rate is established within the first

48–72 h and is correlated with a reduction in the post-

traumatic cavity and enhanced sparing of ventral axons.

Improved recovery was observed when treatment was

performed within 24 h from lesion. The efficacy of EPO

treatment is abolished by concomitant treatment with MP

[4].

When used in experimental stroke, EPO limits the

evolution of the ischemic penumbra, the area surrounding

the central infarct and the main site of the secondary de-

generation, and increases the recruitment of endogenous

stem cells [16–19]. This might explain the effects of EPO

on TSCI. Our preliminary results showed that EPO re-

ceptors are also expressed in endothelial and vascular

smooth muscle cells, and the expression is particularly high

in the white matter vessels (Alfredo Gorio, unpublished

results). This action may be protective in the immediate

period after injury. Yet the beneficial action of EPO on the

vasculature may extend further by suppressing the ex-

pression of inducible nitric oxide synthase and promoting

the production of neurotrophins such as brain-derived

neurotrophic factor [15, 20].

Considering the mechanisms of action of EPO together

with its beneficial effects in TSCI animal models, our

primary objective was to assess whether EPO was better

than MP in improving the clinical outcome of TSCI in a

clinically relevant and measurable way during the acute

phase after injury, a period in which the greatest degree of

improvement is expected.

Materials and methods

The study design is in line with the guidelines for the

conduction of clinical trials developed by the International

Campaign for Cures of Spinal Cord Injury Paralysis [21]

(http://www.clinicaltrial.gov—ClinicalTrials.gov Identi-

fier: NCT00561067).

Study design and setting

This was a multicenter randomized single-blind, phase III,

parallel group trial involving Italian Spinal Units (SU). In

Italy, SU are competent health care facilities to take care of

TSCI patients starting from the first aid management and

diagnosis and ending with a comprehensive rehabilitation

program. All centers involved were well trained as having

participated in educational meetings, organized by the

Coordinating Center, the SU of Niguarda Hospital in Mi-

lan, aimed at standardizing the acute and long-term assis-

tance of TSCI.

Population

Included were consecutive patients with TSCI compli-

cated by paraplegia or tetraplegia. The diagnosis at the

time of hospital admission was made through neuro-

logical examination, in accordance with the latest version

of the International Standards for Neurological Classifi-

cation of SCI [22], to determine the neurologic level of

injury and the extent of injury (ASIA Impairment Scale—

AIS), and neuroimaging (spinal computerized tomogra-

phy, CT). Only patients with TSCI and AIS grade A or B

were enrolled. Other inclusion criteria were age

18–65 years, the time between the traumatic event and

treatment (within 8 h), hemodynamic stability at treat-

ment start (systolic blood pressure[90 mmHg for at least

1 h without massive infusion or vasopressor support),

neurological level between C5 and T12, and written in-

formed consent. Excluded were patients with SCI of non-

traumatic origin, TSCI caused by edged weapons or

firearms, time interval from trauma [8 h, neurological

level above C5 or below T12, AIS grade C, D, E, un-

controllable arterial hypertension, past or current cere-

brovascular disease or myocardial infarction, history of

thrombotic events, other chronic cardiovascular disorders

(cardiac arrhythmias, congestive heart failure), peripheral

arterial disease, polycythemia, porphyria, active malig-

nancy, previous or current neurological diseases with

abnormal neurological examination, pregnancy or lacta-

tion (requiring bHCG confirmation), clinically relevant

psychiatric disease, known allergy to EPO, hypersensi-

tivity to human albumin, and acute or chronic renal

failure.

Patients were also excluded when MP was administered

by the emergency doctors prior to diagnosis of TSCI.

Treatment

Eligible patients were immediately randomized to one of

the following treatment modalities: (1) MP 30 mg/Kg iv in

the first hour, followed by 5.4 mg/kg/h for 23 h if treat-

ment was started within 3 h after the spinal injury, or for

48 h if treatment was started between three and 8 h (pro-

tocol NASCIS III, National Acute Spinal Cord Injury

Study) [23]; (2) EPO 500 IU/Kg diluted in 50 ml saline

and infused in 30 min; treatment was started within 8 h

after injury; the same drug dosage was infused at 24 and

48 h.
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Study conduct and outcome assessment

Every patient with TSCI transferred by the Emergency

Services to one of the participating SU was screened. After

confirmation of a spinal cord lesion, patient’s eligibility

was assessed by verifying the inclusion/exclusion criteria.

Eligible patients or, where indicated, the relatives or other

legal representatives were asked to provide a written in-

formed consent. Patients underwent venipuncture for the

assessment of the laboratory parameters and, where not

contraindicated, were randomized to receive MP or EPO.

Randomization was performed through a password-pro-

tected centralized web database (located at the IRCCS-

Mario Negri, Milan) after verifying the patient’s eligibility

criteria. Separate randomization lists were used for patients

classified as AIS grade A and B. Random permuted blocks

were used.

Patients were assessed by investigators blind to treat-

ment assignment at baseline and at day 3, 7, 14, 30, 60 and

90.

Study monitoring

An electronic database was made available to each SU; the

database included automatic measures of the accuracy of

the data collection. A data manager located at the IRCCS-

Mario Negri, checked at weekly intervals the quality and

completeness of the data from each patient enrolled and

contacted immediately the local investigator if a problem

arose.

Data collection

Data collection included demographics (age, sex, injury’s

date and time, center), baseline clinical findings [site and

extent of the spinal lesion with indication of the neuro-

logical level, ASIA motor/sensory level, AIS score and

grade, Spinal Cord Independence Measure (SCIM version

II) [24], Ashworth measure [25], Penn Spasm Frequency

[26], VAS scores [27], CT signs of spinal cord injury, and

laboratory values including blood cell count, standard co-

agulation tests, glucose, urea, ßHCG, serum electrolytes,

transaminases, and bilirubin]. Follow-up data (collected at

each visit) included ASIA motor/sensory level, AIS score

and grade, SCIM version II, Ashworth, Penn, and VAS

scores, MRI findings, somatosensory-evoked potentials

(SSEP) from the pudendal and tibial nerve, and laboratory

values.

Every patient (or legal representative) was informed

about the possible benefits and risks of both treatments,

without emphasis on the experimental treatment.

End points

Primary end point was the reduction of at least one AIS

grade. This outcome measure has a good ‘‘face validity’’

[21]. Secondary end points were the number of treatment-

emergent adverse events, serious adverse events, and events

leading to treatment withdrawal, effects on the spinal motor

and/or sensory functions (including the SSEP), on measures

of functional autonomy (SCIM), spasticity and spasms

(Ashworth and Penn Scales), and neurogenic pain.

Expected adverse events included drug-related events

(hematocrit value C51 %) and disease-related events

(acute myocardial infarction, thrombotic pulmonary em-

bolism, deep venous thrombosis, acute hypertension, sei-

zures, piastrinosis, hyperkalemia, hyperphosforemia, skin

rash, hypercalcemia, and liver dysfunction).

Statistical analysis

Descriptive statistics were performed on patients’ demo-

graphic and clinical features at baseline. Discrete and

continuous variables were reported as count, percent, me-

dian and range. The primary end point was assessed using

the Fisher exact test. Between-group comparisons by dif-

ferent scales used Mann–Whitney Test or the Fisher exact

test, as appropriate. Given the low statistical power of the

study (see ‘‘Results’’), a parallel Bayesian analysis (see

below) was performed (post hoc) on the primary outcome.

Bayesian analysis is a statistical approach that does not

base its estimates only on observed data, but also uses an a

priori information. No literature or subjective information

was used to perform this analysis (uninformative prior).

We used the Gibbs sampling (a Markov Chain Monte Carlo

MCMC algorithm) for obtaining a sequence of random

samples (1000) from the multivariate probability distribu-

tion, the joint probability distribution of the uninformative

prior and the binomial distribution (occurrence of suc-

cesses and failures) of the data observed. All statistical

analyses were performed in the intention-to-treat (ITT) and

the completer (completer) populations. All tests are two

tailed. Data were analyzed using the Statistical Analysis

System (SAS Institute, Inc., Cary, NC, USA) package for

PC (version 9.2) and the R (version 2.13) software.

Sample size and study power

Based on published reports and personal experience, pa-

tients with an improvement of the AIS grade with MP were

estimated at 10 % [28, 29]. Estimating an increase of this

percentage to 35 % for patients treated with EPO, 40 pa-

tients in each therapeutic arm were needed, with a power of
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80 % and a level of significance of 5 %. Given the small

sample enrolled, we simulated (post hoc) a two-stage se-

quential design situation under the planned hypotheses (35

vs. 10 %, alpha = 0.05 and beta = 0.8). This design re-

quired two different examinations (first and final stage). At

the first and the final stages, a total of 18 (9 per arm) and 38

(19 per arm) patients, respectively, should have been en-

rolled. If a trial continues to the final stage, the null hy-

pothesis is either rejected or accepted. As we enrolled 19

patients, the data collected up to that point were analyzed,

and statistics were computed, in accordance with the re-

quirements of the first stage. At that stage, the test statistic

generated should have been compared with critical values

generated from the sequential design, and the trial stopped

or continued. The stopping boundaries for the first stage

were selected according to the O’Brien & Fleming ap-

proach [30] (stop for futility p [ 0. 31247, stop for efficacy

p \ 0. 01044, continue 0.01044 \ p \ 0.31247).

Ethical approval

All procedures performed were in accordance with the

ethical standards of the institutional and national research

committee and with the 1964 Helsinki declaration and its

later amendments or comparable ethical standards. The

study was approved by the Ethics Committees of the par-

ticipating institutions.

Results

Due to the strict selection criteria, only 19 consecutive pa-

tients (18 men and 1 woman aged 20–65 years) from four

SU entered the study between May 15, 2008 and July 19,

2010 (Table 1; Fig. 1). The causes of injury were motor-

cycle accidents (9 patients), downfalls (4 patients), stren-

uous physical activities or dives (2 patients each), car

accident, bicycle accident, one crush by heavy object (1

each). Eight patients (42.1 %) aged 27–54 years were ran-

domized to MP and 11 patients (57.9 %) aged 22–65 years

to EPO. The ITT analysis revealed that 0 patients on MP and

3 patients (27.3 %) on EPO satisfied the primary end point

by day 90 (one-tailed Exact Fisher p value = 0.1703)

(Table 1). The Completer analysis, performed in 18 patients

(one was withdrawn for missing the second treatment

course), returned the same results (p = 0.1471). The

assessment of secondary outcomes failed to show significant

differences between the two treatment groups during follow-

up (see Tables 1, 2). No adverse events were even reported

in both groups throughout the study. Laboratory data

Table 1 General characteristics of the sample

Pt Sex Age

(year)

Center ASIA

(baseline)

ASIA

(day 90)

Treatment Most caudal segment with normal

sensory function

SSEP

(baseline)

SSEP

(day 90)

T0 T1 T2 T3 T4 T5

1 M 51 AO Niguarda, Milan A B EPO NA T8 T8 T9 T10 T9 Neg Neg

2 M 45 AO Niguarda, Milan A B EPO NA T3 T3 T3 T3 T3 Neg Neg

3 M 23 Osp. Civile, Verona A A EPO C6 C6 C7 T1 T1 T1 Neg Neg

4 M 65 AO Niguarda, Milan A B EPO NA NA NA NA T2 T3 Neg Neg

5 M 28 CTO Adelaide, Turin A A EPO – – – – – – – –

6 M 22 CTO Adelaide, Turin B A EPO T12 T12 T9 T9 T9 T9 Neg Neg

7 M 30 CTO Adelaide, Turin A A EPO T4 T4 T4 T5 T5 T5 Neg Neg

8 M 22 CTO Adelaide, Turin A A EPO NA C5 C5 T3 T3 T3 Neg Neg

9 M 58 AO Niguarda, Milan A A EPO T7 T7 T7 T7 T6 T8 Neg Neg

10 M 55 AO Niguarda, Milan A A EPO NA NA C4 C4 C3 C4 Neg Neg

11 M 27 AO Niguarda, Milan A C EPO NA T12 NA T12 T6 T11 Pos Pos

12 M 33 AO Niguarda, Milan B A MP T10 T9 T9 T10 T10 T10 Neg Neg

13 M 27 AO Silvestrini, Perugia A A MP T6 T6 T6 T5 T9 T9 Neg Neg

14 M 54 Osp. Civile, Verona A A MP C6 C6 C6 C7 C7 C7 Neg Neg

15 M 35 AO Niguarda, Milan A A MP NA T6 T6 T6 T5 T6 Neg Neg

16 M 41 AO Niguarda, Milan A A MP NA NA T4 T3 T3 T3 Neg Neg

17 M 32 AO Niguarda, Milan A A MP NA C4 T4 T3 T2 T1 Neg Neg

18 F 36 AO Niguarda, Milan B B MP C4 C4 C4 – – C4 Pos NE

19 M 45 AO Niguarda, Milan A A MP NA NA T3 T3 T3 T3 Neg Neg

M men, W women, EPO erythropoietin, MP methylprednisolone, NA not assessed, SSEP somatosensory-evoked potential, Pos positive, Neg

negative, NE non-evaluated
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differed significantly at visit 2 (leucocytes), at visit 3

(sodium, urea, hemoglobin and hematocrit), at visit 4

(sodium and urea), and at visit 6 (potassium). All values

were higher in the MP group (except for the expected EPO-

promoted increase in hemoglobin and hematocrit); however,

all data fell in the normative bounds (see Fig. 2).

In the Bayesian analysis, according to 1000 replications

based on the observed data, there was a 91.8 % chance of

achieving higher success rates on the primary end point

with EPO in the ITT population, with a median value of

0.21 and a 95 % chance to range between -0.10 and 0.51

(Fig. 3). The same analysis repeated in the Completer

population reported a 93.2 % chance of success with a

median (range) of 0.23 (-0.09, 0.55) (Fig. 4). Figure 3

reports the acceptance (treatment ineffective) and rejection

regions (treatment effective) according to the ‘‘simulated’’

two-stage sequential design. Our sample (19 patients) is

comparable in size to that required for the 1st stage analysis

(n = 18), and according to the results of our Fisher exact

test on the primary end point (p = 0.1703) we are in the

uncertainty region, that should suggest us to continue the

recruitment to reach the planned size.

Discussion

In our small trial population, 3/11 cases receiving EPO and

0/8 cases receiving MP presented a significant clinical

improvement, showing reduction of at least one AIS grade.
Fig. 1 Study flow diagram. EPO erythropoietin, MP

methylprednisolone

Table 2 Secondary end point

Baseline Day 90 p value

EPO Med (min–max)

or n (%)

MP Med (min–max)

or n (%)

EPO Med (min–max)

or n (%)

MP Med (min–max)

or n (%)

Asia total score

Motor 49 (10–50) 45 (18–50) 50 (20–50) 50 (10–50) 0.9117

Pinprick 40 (12–76) 45 (21–72) 52 (18–83) 45 (12–69) 0.3862

Light touch 42 (12–76) 49 (38–75) 52 (22–97) 55 (34–80) 0.8954

Penn score

0 10 (100) 8 (100) 5 (50.0) 3 (37.5) 0.6641*

1 – – 1 (10.0) 1 (12.5)

2 – – 3 (30.0) 1 (12.5)

3 – – 1 (10.0) 3 (37.5)

4 – – – –

Ashworth score

0 8 (80.0) 8 (100) 4 (40.0) 4 (50.0) 1.0000*

1 2 (20.0) – 4 (40.0) 1 (12.5)

1? – – 1 (10.0) –

2 – – – 2 (25.0)

3 – – 1 (10.0) 1 (12.5)

4 – – – –

VAS score 5 (0–9) 6 (0.8) 3 (0–6) 0 (0–7) 0.2327

SCIM score 6 (0–13) 7 (6–16) 46 (7–73) 43 (22–61) 0.8608

* The Fisher exact test compared the two groups across the categories (0 vs. ne 0) where ne = not equal
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Although the sample size was insufficient for the results to

attain statistical significance, these results represent a 27 %

absolute difference, in line with our power calculations. In

addition, the Bayesian analysis confirmed a trend favoring

EPO as an effective treatment.

The neuroprotective effects of EPO have been further

confirmed by studies on various animal models [31]. The

outcome of our study is positively supported by a recent

phase II trial reporting beneficial effects of EPO treatment

in the reduction of delayed ischemic deficits in patients

with aneurysmal subarachnoid hemorrhage [32]. No safety

concerns were identified also in this latter study.

To our knowledge, there is only one other randomized

trial on the use of EPO in spinal cord injury. This study is

Fig. 2 Laboratory data with normative bounds

Fig. 3 Bayesian simulation on the primary end point. Green area EPO successes greater than MP successes, red area MP successes greater than

EPO successes
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being conducted in Canada in patients with malignant

spinal cord compression and paraparesis/paraplegia (http://

www.clinicaltrial.gov—ClinicalTrials.gov Identifier:

NCT00220675). The results of this study are pending.

Several preclinical studies have supported the neuro-

protective effects of EPO treatment in various animal

models of ischemic and non-ischemic injuries to CNS [33].

The extent of nerve fiber loss in spinal cord injury depends

initially on the severity of the mechanical trauma, and is

greatly amplified by a secondary phase (over days and

weeks) of tissue injury involving fibers spared by the initial

impact [34] and eventually leading to chronic demyelina-

tion [35].

The reported positive effects of EPO on recovery of

function after experimental SCI are due to limitation of

secondary damage, reduced inflammation, and axonal and

myelin sparing with particular relevance to the

monoaminergic pathways and reticulospinal system [36].

The observed recovery of function is likely secondary to

plastic changes occurring in the cord below the injury

contributing in an important manner in the re-expression of

the locomotor ability, and spinal cord monoamines play an

important role in such conditions [37].

Some limitations affect our study. First, patients’ re-

cruitment has not been completed, leaving the study in-

sufficiently powered to attain statistically significant results

with a frequentistic analysis, even in the presence of a clear

difference between the two treatment groups on the pri-

mary end point. Selection criteria and therapeutic window

were too restrictive to recruit a sizable sample within the

time limits imposed. This problem must be considered if a

new trial is implemented. Second, the benefit of treatments

has been assessed over a 90-day period. This interval may

also be critical as most patients may show spontaneous

improvements and better rate of motor recovery during the

first 3 months than at later time points [38]. Thus, a sig-

nificant difference between the two treatment arms might

have been later uncovered. Third, the validity of AIS

within 8 h after injury can be questioned since this score

may not provide an accurate detection of functional

changes when the patient is still medically unstable as it

occurs within the first 24 h after injury [39]. However, a

measure of outcome at 72 h (as we did) may provide

meaningful results. Although the psychometric properties

of AIS are well defined [40], we did not test inter-rater

agreement. However, a standardized outcome assessment

was taught to the study participants during a pre-study

meeting.

This was a single-blind trial, thus more positive attitudes

of patients randomized to the experimental treatment might

be expected. However, this bias was minimized by the use

of concurrent controls receiving an active treatment. Even

with these limitations, our study provides background and

lessons for another confirmatory phase III trial comparing

EPO to MP.
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