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Abstract
Study design A retrospective observational study.
Objectives To elucidate predictive clinical factors associated with irreversible complete motor paralysis following traumatic
cervical spinal cord injury (CSCI).
Setting Hokkaido Spinal Cord Injury Center, Japan.
Methods A consecutive series of 447 traumatic CSCI persons were eligible for this study. Individuals with complete motor
paralysis at admission were selected and divided into two groups according to the motor functional outcomes at discharge.
Initial findings in magnetic resonance imaging (MRI) and other clinical factors that could affect functional outcomes were
compared between two groups of participants: those with and those without motor recovery below the level of injury at the
time of discharge.
Results Of the 73 consecutive participants with total motor paralysis at initial examination, 28 showed some recovery of
motor function, whereas 45 remained complete motor paralysis at discharge, respectively. Multivariate logistic regression
analysis showed that the presence of intramedullary hemorrhage manifested as a confined low intensity changes in diffuse
high-intensity area and more than 50% of cord compression on MRI were significant predictors of irreversible complete
motor paralysis (odds ratio [OR]: 8.4; 95% confidence interval [CI]: 1.2–58.2 and OR: 14.4; 95% CI: 2.5–82.8,
respectively).
Conclusion The presence of intramedullary hemorrhage and/or severe cord compression on initial MRI were closely
associated with irreversible paralysis in persons with motor complete paralysis following CSCI. Conversely, subjects with a
negligible potential for recovery could be identified by referring to these negative findings.

Introduction

Spinal cord injury (SCI) can cause a severe physical problem,
resulting in motor and sensory deterioration. Nowadays,

several clinical trials of novel therapeutics have been widely
launched for treatment of SCI, and the inclusion criteria are
mostly persons with motor complete paralysis at baseline to
ensure a more homogeneous study cohort [1–8]. One of the
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problems related to treatment of SCI is difficulties in distin-
guishing between treatment effect and spontaneous functional
improvement [9].

In routine clinical practice, we refer to physical assess-
ments to evaluate the severity of an injured spinal cord and
predict the reasonable outcome in order to design an appro-
priate rehabilitation program. American Spinal Injury Asso-
ciation (ASIA) impairment scale (AIS) grade conversion is
generally considered the basis for prediction of the possibility
of achieving neurological recovery following traumatic SCI
[10–12]. Individuals with AIS grade A at their initial exam-
ination have a lower chance of neurological recovery, with
~80% of them remaining at AIS grade A at the 1-year follow-
up [13]. In contrast, AIS grade B persons usually show some
recovery of motor function, with ~50–60% of them convert-
ing to AIS grade C or D [12–14]. These facts indicate that
there are differences in recovery potential between individuals
with complete and incomplete injury. Conversely, approxi-
mately 0–13% of persons with AIS grade A changed to AIS
grade C or D, suggesting that patterns of spontaneous
recovery vary widely, even for the same degree of paralysis in
AIS grade at initial examination [13–17]. Furthermore, the
use of neurologic examination in the acute phase after injury
for purpose of prediction has proved to problematic owing to
the confounding effects of injury-related factors and extra-
neous individuals, which exclude accurate assessment
[18, 19]. The presence of concomitant brain injury, muscu-
loskeletal injuries, spinal shock, pain, pharmacologic seda-
tion, and poor personal effort are several of the factors that
can result in a discordant and unreliable neurologic exam-
ination [16, 20, 21], indicating difficulties in predicting a
functional prognosis based only on a single AIS assessment.
Therefore, further objective evaluation should be taken into
consideration in addition to the AIS assessment to give a more
accurate prospect of the future function and appropriate
selection of possible candidates for a novel therapy, especially
in regard to whether the injured spinal cord has a negligible
chance of recovering meaningful motor function.

In this study, we investigated the clinical and imaging
findings associated with the future prognosis following
traumatic cervical SCI (CSCI). Furthermore, we conducted
a multivariate stepwise regression analysis among the
clinical findings, which were obtained at an early stage after
injury to identify predictive factors relating irreversible
complete motor paralysis in the chronic phase with statis-
tical adjustment for confounding.

Methods

This study is a retrospective imaging and clinical obser-
vational study. A total of 447 consecutive persons with
traumatic CSCI, who were hospitalized at our institution

between April 2011 and March 2015 and underwent initial
assessment of neurological impairment within 96 h after
injury, were potentially eligible for this study. Neurolo-
gical classification was measured at admission and dis-
charge with the International Standards for Neurological
Classification of Spinal Cord Injury [22], including neu-
rological severity (ASIA Impairment Scale; A/B/C/D),
neurological level of injury, total motor index score (MIS;
out of 100), and pin and light touch sensory testing. A total
MIS was defined as the sum of scores in the upper and
lower extremity and a percent recovery was evaluated by
the following formula [23]: Percent recovery (%)= (score
at discharge− score at initial evaluation)/(100− score at
initial evaluation) × 100. Clinical assessments were per-
formed by two physicians with at least 3 months of
experience and one of them (senior physician) had more
than 5 years of experience in examination of patients with
spinal cord injury. Of 447 study participants, 73 (16.3%)
who met the following criteria: (1) persons with AIS grade
A or B (no motor function below the injured level
including the sacral segments S4–5) at initial examination,
(2) duration of hospitalization was more than 180 days,
and (3) persons without disturbed consciousness such as
brain injury or a severe mental disorder that could influ-
ence rehabilitation, were retrospectively included in this
study and divided into two groups according to their motor
functional recovery more than three levels below the
neurological level of injury at the time of discharge. Per-
sons who remained complete motor paralysis below the
injured level (AIS grade B or lower) were categorized as
the motor complete group and persons whose motor
function was preserved at the most caudal sacral segments
for voluntary anal contraction or the persons who met the
criteria for sensory incomplete status (sensory function
preserved at the most caudal sacral segments (S4–S5) by
light touch, pin or deep anal pressure), and have some
sparing of motor function more than three levels below the
ipsilateral motor level on either side of the body (AIS
grade C or higher) as the motor incomplete group. Dif-
ferences in radiological characteristics, MIS and related
physical factors (diabetes mellitus (DM), age, sex, body
mass index (BMI), surgical treatment, surgical timing,
hospital stay and complications (use of ventilator, deep
venous thrombosis, and death)), which were obtained from
a medical database in a single institution (Hokkaido Spinal
Cord Injury Center) were assessed statistically. In cases
involving displacement of a vertebral body, instability or
cord compression, reduction and stabilization and/or
decompression surgeries were performed. Management of
treatment was decided by individual faculties based on
their experiences. When the physicians made different
decisions regarding assessment and management, a final
decision was made after discussion.
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Computed tomography (CT) and magnetic resonance
imaging (MRI) data were obtained at admission before any
treatment with a fiberglass cervical collar when appropriate.
For MRI evaluation, we qualitatively assessed three types of
characteristic changes on sagittal view of initial T1- and T2-
weighted spin-echo images determined by reference to pre-
vious studies [24, 25]: (a) intramedullary-confined low
intensity changes within diffuse high-intensity areas, which
represents an intramedullary hemorrhage surrounded by
edema on T2-weighted spin-echo sagittal images (intrame-
dullary hemorrhage), (b) alterations in cord caliber as defined
by loss of subdural space, which spans in both directions
more than the height of one vertebra and adjacent disk to the
lesion epicenter on T2-weighted spin-echo sagittal images
(cord swelling), and (c) vertebral displacement or cord com-
pression of at least 50% of the lesion epicenter (cord com-
pression), which was calculated using T1-weighted
midsagittal spin-echo images as follows: (diameter of the
cervical cord at the non-compression level—diameter of the
cervical cord at the injured level) × 100/diameter of the cer-
vical cord at the non-compression level [25] (Fig. 1). For CT,
we assessed the presence of diffuse idiopathic skeletal
hyperostosis (DISH) [26] and ossification of the posterior
longitudinal ligament (OPLL). The pattern of traumatic cer-
vical spine injury was classified into one of four types based
on AO subaxial classification (compression injury: failure of
the anterior structures under compression or mechanically
insignificant fractures of the spinal processes, tension band
injury: injuries with either the anterior or posterior tension
band, and translation injury: injuries with displacement or
translation of one vertebral body relative to another in any
direction) [27] and CSCI without radiological abnormality
(CSCIWORA), which is a spinal cord injury without evidence
of fracture or dislocation of the spine on plain radiographs or
CT studies [28, 29].

Possible associations of each obtainable clinical factors
between CSCI persons with motor complete and incomplete
groups were assessed by t test for continuous variables or by
Fisher’s exact test for other categorical variables (DM, age
(≤ 60 years, 61–75 years or ≥ 76 years), sex, BMI > 30,
symptoms at initial evaluation (complete loss of motor and
sensory below the injured level or any touch and/or pin
sensation retained on either side of the lower extremity (L/
E)), MRI findings at initial evaluation (intramedullary
hemorrhage, cord compression and/or cord swelling), CT
findings at initial evaluation (CSCIWORA, OPLL and/or
DISH) and surgical timing (<8 h and/or, <24 h)) using
Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). To
compare among these relative potential risk factors for
complete motor paralysis at discharge, multivariate stepwise
logistic regression analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University, Sai-
tama, Japan), which is a graphical user interface for R (The

R Foundation for Statistical Computing, Vienna, Austria)
[30]. More precisely, it is a modified version of R com-
mander designed to add statistical functions frequently used
in biostatistics. Odds ratios (OR) for enduring motor
paralysis and their 95% confidence intervals (CI) were
calculated as an approximation of the relative risk estimates.
The factors included in the multivariate model were age,
sex, OPLL, DISH and those with a value of P < 0.1 in the
univariate analyses (cord compression, cord swelling,
intramedullary hemorrhage, CSCIWORA, DM, complete
loss of motor and sensory (AIS A) and retaining pin sen-
sation in L/E at initial examination). A value of P < 0.05
was considered as statistically significant.

Results

The 73 participants consisted of 68 males and five
females, with a mean age of 60.3 years (range 22–83).

Fig. 1 Representative features on T2-weighted spin-echo sagittal
MRI following CSCI. Intramedullary-confined low intensity changes
in diffuse high-intensity area (intramedullary hemorrhage: white
arrow), alterations in cord caliber as defined by loss of subdural space,
which spans in both directions more than the height of one vertebral
and adjacent disk to the lesion epicenter (cord swelling: arrow head)
and at least 50% of vertebral displacement (cord compression) were
demonstrated.
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The mean timing of initial and final evaluation was 11.5 h
(range 2–72) and 260.5 days (range 184–828) post injury.
Of the 73 persons with complete loss of motor function at
admission, 28 were categorized as motor incomplete
group with a mean total MIS of 9.6 at admission and of
44.3 at discharge. Recovery rates of upper extremity (U/
E), L/E and total score were 34.2, 39.1, and 38.3%,
respectively. Forty-five were categorized as motor com-
plete group with a mean total MIS of 13.2 at admission
and 17.6 at discharge, respectively. Percent recovery of
U/E, L/E, and total score were 16.9, 0, and 5.6%,
respectively. As shown in Table 1, apart from MIS at
discharge and percent recovery of total and L/E, there
were no significant differences between the two groups
regarding participant demographics and complications
(Table 1).

Changes in neurological status of AIS are shown in
Table 2 and the distribution of the neurological levels of
injury and types of injury are shown in Fig. 2. Most neu-
rological levels of injury were at C4 or C5 (Fig. 2a) and
types of injury were translation injury (Fig. 2b). CSCI-
WORA was recognized in seven participants (25.0%) of
motor incomplete group and in three (6.7%) of motor
complete group. There were no substantial patterns of dif-
ferences between the two groups.

According to univariate analyses, intramedullary
hemorrhage, cord compression, cord swelling, and CSCI-
WORA were identified as potential factors affecting func-
tional outcomes at the time of discharge (Table 3). As
shown in Table 4, multivariate regression analysis revealed
that intramedullary hemorrhage and cord compression on
MRI at first examination were significant prognostic factors
for complete motor paralysis following CSCI (OR= 8.4,
95% CI= 1.2–58.2, P < 0.05 and OR= 14.4, 95% CI=
2.5–82.8, P < 0.01, respectively). In contrast, multivariate
analyses found no significant differences in the variables
related to the presence of DM and complete loss of motor
and sensory function (AIS grade A) at initial examination.
Furthermore, CSCIWORA and retention of pin sensation in

Table 1 Demographic
characteristics and clinical
features of the subjects.

Motor complete (n= 45) Motor incomplete (n= 28) P

Participant characteristics

Age (year; mean [SD]) 60.4 (16.4) 60.1 (13.1) 0.94

Sex (male: female) 42:3 26:2 0.95

Body Mass Index (mean [SD]) 23.6 (3.8) 23.9 (4.4) 0.79

Hospital Stay (day; mean [SD]) 263.1 (130.6) 256.4 (80.9) 0.81

Initial Evaluation (hour; mean [SD]) 10.9 (14.1) 13.3 (11.8) 0.38

Surgical Treatment (no. of Pts. [%]) 43 (95.6) 26 (92.9) 0.64

Motor Index Score (mean [SD])

U/E at Admission 13.2 (12.0) 9.6 (10.2) 0.19

L/E at Admission 0 (0) 0 (0) 1

Total Score at Admission 13.2 (12.0) 9.6 (10.2) 0.19

U/E at Discharge 17.6 (15.2) 22.1 (16.9) 0.39

L/E at Discharge 0 (0) 18.1 (19.1) <0.001

Total Score at Discharge 17.6 (15.2) 44.3 (33.2) <0.001

Percent Recovery (%: mean [SD])

U/E 16.9 (26.5) 34.2 (43.4) 0.12

L/E 0 (0) 39.1 (38.2) <0.001

Total Score 5.6 (9.2) 38.3 (35.7) <0.001

Complications (no. of Pts. [%])

Use of Ventilator 12 (26.7) 8 (28.6) 0.87

Deep Vein Thrombosis 21 (46.7) 11 (39.3) 0.63

Death 0 (0) 0 (0) 1

U/E upper extremity, L/E lower extremity.

Bold values indicate statistical significance.

Table 2 Changes in neurological status (ASIA impairment scale).

Neurological status at discharge

A B C D

Initial neurological status

A 30 (54.6) 7 (12.3) 15 (27.3) 3 (5.5)

B 1 (5.6) 7 (38.9) 6 (33.3) 4 (22.2)

Values are presented as number (%).

ASIA American Spinal Injury Association.
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L/E also did not positively affect clinical outcomes
(Table 4).

The overall sensitivity, specificity, positive predictive value
and negative predictive value of the presence of

intramedullary hemorrhage and/or cord compression in pre-
dicting the functional outcomes were 88.9% (40/45), 67.9%
(19/28), 81.6% (40/49), and 79.2% (19/23), respectively
(Table 5). The diagnostic accuracy was 80.8% (59/73).

Discussion

In this study, we demonstrate potential clinical factors that
could predict prognosis following traumatic CSCI by mul-
tivariate stepwise regression analyses with statistical
adjustment for confounding. The presence of MRI features
such as intramedullary hemorrhage and/or severe cord
compression in persons with complete motor paralysis at the
initial examination are associated with a higher likelihood
of irreversible motor paralysis in the chronic phase.

Prognostic factors after SCI

Diagnostic MRI findings can provide us with additional
objective information about the neurological condition of
the damaged cord. MRI features of hemorrhage and degree
of edema were modestly associated with motor recovery
post injury [24, 31, 32]. Hemorrhagic changes were
described as a hypointensity region surrounded by an area
of hyperintensity on T2-weighted MRI [33]. Previous stu-
dies showed that cord hemorrhage on early MRI was
associated with AIS grade A persons, and thus indicative of
poor prognosis for motor recovery [24, 34–36]. Boldin et al.
reported that the presence of intramedullary extensive
hemorrhage (length of 10.5 mm or more) was found to be
associated with poorer prognosis at long-term follow-up
[37]. The pattern and degree of signal intensity changes on
T1- and T2-weighted MRI were well correlated with
functional prognosis [31, 38–40]. Moreover, prevertebral
hyperintensity changes and segmental instability were also
some of the factors that affect the severity of paralysis
[29, 41]. Apart from MRI characteristics, serum

Fig. 2 Neurological levels of
injury (a) and types of injury
(b). Most neurological levels of
injury were at C4 or C5 and
types of injury was translation
injury.

Table 3 Distributions of functional outcomes according to initial
clinical factors.

Motor Complete
(n= 45)

Motor Incomplete
(n= 28)

P

Participant
characteristics

≤60 years 16 (35.6) 3 (10.7) 0.24

61–75 years 21 (46.7) 11 (39.3) 0.63

≥76 years 8 (17.8) 14 (50.0) 0.51

BMI ≥ 30 2 (4.4) 4 (14.3) 0.20

DM 12 (26.7) 2 (7.1) 0.06

Symptom at Initial
Evaluation

Complete Loss of Motor &
Sensory (AIS A)

37 (82.2) 16 (57.1) 0.10

Touch Sensation
retained in L/E

4 (8.9) 8 (28.6) 0.17

Pin Sensation
retained in L/E

0 (0) 3 (10.7) 0.05

MRI & CT

Intramedullary
Hemorrhage

25 (55.6) 4 (14.3) <0.001

Cord Compression 31 (68.9) 6 (21.4) <0.001

Cord Swelling 17 (37.8) 1 (3.6) <0.001

CSCIWORA 3 (6.7) 7 (25.0) <0.05

OPLL 20 (44.4) 9 (32.1) 0.33

DISH 5 (11.1) 1 (3.6) 0.40

Surgery (n= 43) (n= 26)

<8 h post injury 20 (46.5) 7 (26.9) 0.14

<24 h post injury 38 (88.4) 21 (80.8) 0.37

Values are presented as number (%).

BMI body mass index, DM diabetes mellitus, AIS American Spinal
Injury Association impairment scale, L/E lower extremity, MRI
magnetic resonance imaging, CT computer tomography, CSCIWORA
cervical spinal cord injury without radiological abnormality, OPLL
ossification of posterior longitudinal ligament, DISH diffuse idiopathic
skeletal hyperostosis.

Bold values indicate statistical significance.
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hyperglycemia during acute SCI impaired functional
improvement [42]. In contrast, early surgical reduction of
dislocation and younger age (<50) at injury were found to
be associated with better prognosis in cases with incomplete
SCI [43–46]. Although these previous studies have eval-
uated the effect of individual risk factors on future func-
tional prognosis, the influence of confounding factors were
not well considered from the statistical viewpoint, indicat-
ing the necessity of investigating not only MRI findings but
also among MRI features and other multiple clinical factors
simultaneously.

Possible implications

Although we assessed several possible explanatory factors
such as cord swelling on MRI, presence of DM, OPLL, or
DISH, which have been reported to be predictive of prog-
nosis [20, 42, 47], no significant associations were identi-
fied by multivariate stepwise regression analyses.
Furthermore, CSCIWORA, early surgical intervention (<8

h) or younger age at injury also did not positively affect
clinical outcomes at final follow-up. Indeed, previous stu-
dies about surgical timing reported by Fehlings et al.
demonstrated the effectiveness of early decompression
surgery [48], but our study does not prove the efficacy of
early surgical intervention in persons with complete motor
paralysis. The possible reason for such differences is due
not to the surgical timing and surgical treatment itself, but to
differences in the proportion of included study participants
with recovery potential. Furthermore, Kawano et al. repor-
ted that despite early surgical intervention, the recovery
rates of persons with AIS grade A with bone injury was
significantly worse than that of without bone injury [49],
suggesting that consideration whether or not a CSCI person
with complete motor paralysis at the initial examination has
a negligible chance of recovering meaningful motor func-
tion before invasive treatment, is important for achieving
maximum therapeutic benefits.

In this study, the presence of intramedullary hemorrhage
change and/or more than 50% of cord compression at initial
MRI were statistically demonstrated to be significant risk
factors for complete paralysis in the chronic phase.
Although, our results were supportive confirmation of pre-
vious studies, a qualitative prediction could be possible by
combining initial AIS grade with these MRI findings.

Limitations

This study has several limitations. First, the timing of initial
and final assessment is different for each person. It is known
that the severity of paralysis dramatically alters within the

Table 4 Prognostic factors for
the complete loss of motor
function at the time of discharge.

Univariate Multivariatea

OR (95%CI) P OR (95%CI) P

MRI & CT

Cord Compression 7.9 (2.4–29.3) <0.001 14.4 (2.5–82.8) <0.01

Cord Swelling 15.9 (2.2–707.4) <0.001 4.7 (0.4–63.9) 0.24

Intramedullary Hemorrhage 7.3 (2.0–33.7) <0.001 8.4 (1.2–58.2) <0.05

DISH 3.3 (0.3–165.3) 0.40 0.2 (0.0–5.1) 0.31

CSCIWORA 0.2 (0.0–1.1) <0.05 0.8 (0.1–5.6) 0.83

OPLL 1.7 (0.6–5.2) 0.33 1.0 (0.2–6.0) 0.96

Others

DM 4.6 (0.9–46.4) 0.06 6.2 (0.4–89.2) 0.18

Complete Loss of Motor & Sensory (AIS A) 2.5 (0.8–8.8) 0.10 0.4 (0.1–2.3) 0.28

Pin Sensation retained in L/E 0.0 (0.0–1.5) 0.05 0.0 (0.0-Inf.) 0.99

MRI magnetic resonance imaging, CT computer tomography, DISH diffuse idiopathic skeletal hyperostosis,
CSCIWORA cervical spinal cord injury without radiological abnormality, OPLL ossification of posterior
longitudinal ligament, DM diabetes mellitus, AIS American Spinal Injury Association impairment scale, L/E
lower extremity.
aThe multivariate model included age, gender, and all the variables listed in the table.

Bold values indicate statistical significance.

Table 5 Significant prognostic factors and clinical outcomes at the
time of discharge.

Motor complete Motor incomplete Total

Prognostic Factor (+) 40 (true positive) 9 (false positive) 49

Prognostic Factor (−) 5 (false negative) 19 (true negative) 24

Total 45 28 73

Sensitivity: 88.9% (40/45); Specificity: 67.9% (19/28); Positive
Predictive Value: 81.6% (40/49); Negative Predictive Value: 79.2%
(19/23); Diagnostic Accuracy: 80.8% (59/73).
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first 2 weeks post-SCI [50], whereas the neurological
recovery after injury reaches a plateau after 6 months post
injury [25, 51, 52], leading to difficulties in unifying
baseline neurologic status for research purposes. Indeed, the
median timing of initial assessment was much earlier in
average (11.5 h) than 72 h that was considered as more
reliable prognostic values following SCI [50]. We attribute
this to necessities for surgical treatments for minimization
of the secondary damage as soon after arriving hospital as
possible, if indicated. Thus, we conducted a retrospective
cohort design to estimate clinical factors affecting out-
comes, which could be obtainable in the initial evaluation
before any invasive intervention. Early identification of
subjects with a negligible potential for recovery is particu-
larly important for invasive interventions such as neural
stem-cell transplantations and intrathecal administrations of
neuro-protective drugs.

Second, the overall sensitivity of either of the MRI
characteristics or both in predicting the functional outcomes
is 88.9% (40/45), whereas specificity is 67.9% (19/28),
indicating that these findings are not always robust clinical
prognostic factors (Table 5). In general, previous experi-
mental animal studies revealed that if ~5–25% of the axons
in the injured spinal cord were spared, motor function
would be retained [53–56]. Consequently, our speculated
pathology underlying the intramedullary hemorrhage and
severe cord deviation on MRI findings could be a large
cavity formation or transection of the spinal cord itself.
Indeed, conventional MRI could detect pathological chan-
ges after SCI [57], but the information provided by T1- and
T2-weighted MRI of the spinal cord is essentially limited
and we believe that quantitative assessments of the injured
spinal cord could provide further beneficial information in
the future [58–60].

Third, the sample size and selection of the clinical vari-
ables for analysis are small and somewhat arbitrary. Indeed,
ambulatory function is reasonable and comprehensive out-
come to define, but only four out of 73 participants with
complete motor paralysis at baseline had acquired the
ability. We, therefore, defined the good clinical outcome as
any and all motor functional recovery below the level of
injury, regardless of ambulatory status. Moreover, although
pinprick preservation was considered more reliable than
light touch sensation in predicting the recovery of ambu-
latory function after SCI [61], it failed to reach statistical
significance as a predictor among these population, possibly
because there were only three persons who had retained pin
sensation in L/E at baseline. Furthermore, this study is a
retrospective cohort largely based on a SCI database at a
single institution. So, we could not include a myriad of
other diseases and factors into multivariance analyses,
which needs to be confirmed in future prospective studies
with a larger sample size.

Conclusion

This study shows the relationships between the presence of
intramedullary hemorrhage and/or severe cord compression
on initial MRI following CSCI and enduring motor paralysis
at the time of discharge. Such negative MRI findings are
useful early predictors of irreversible complete motor
paralysis in the chronic phase. Conversely, early identification
of subjects with a negligible potential for recovery could be
possible by referring to these negative findings.

Acknowledgements We are grateful to Dr. Y. Menjo and Dr. C.
Ushiku for collaboration on the early stages of this work. We would
like to thank the members of Hokkaido Spinal Cord Injury Center for
their hospitality and cooperation. Finally, we are grateful to the
referees for useful comments.

Author contributions TK and KS designed the research; TK, KS,
SMH, SI, OT, MK, and MO analyzed the data; TK and KS wrote the
paper; MT, NI, MN, MM, and AM supervised the study.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics approval This study was approved by our institution’s review
board. We certify this all applicable institutional regulations con-
cerning the ethical use of human volunteers were followed during the
course of this research.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Kitamura K, Iwanami A, Iwai H, Toyama Y, Matsumoto M,
Okano H, et al. TherapeuTic Time Window And Preclinical
Efficacy Of Intrathecal Administration Of Recombinant Human
Hepatocyte Growth Factor For Acute Spinal Cord Injury. J Spine
Res: Off J Jpn Soc Spine Surg Relat Res. 2016;5:934–9.

2. Kitamura K, Nagoshi N, Tsuji O, Matsumoto M, Okano H,
Nakamura M. Application of hepatocyte growth factor for acute
spinal cord injury: the road from basic studies to human treatment.
Int J Mol Sci. 2019;20:1054.

3. Fehlings MG, Nakashima H, Nagoshi N, Chow DS, Grossman
RG, Kopjar B. Rationale, design and critical end points for the
Riluzole in Acute Spinal Cord Injury Study (RISCIS): a rando-
mized, double-blinded, placebo-controlled parallel multi-center
trial. Spinal Cord. 2016;54:8–15.

4. Casha S, Zygun D, McGowan MD, Bains I, Yong VW, Hurlbert RJ.
Results of a phase II placebo-controlled randomized trial of mino-
cycline in acute spinal cord injury. Brain. 2012;135(Pt 4):1224–36.

5. Nagoshi N, Nakashima H, Fehlings MG. Riluzole as a neuro-
protective drug for spinal cord injury: from bench to bedside.
Molecules. 2015;20:7775–89.

6. Fehlings MG, Theodore N, Harrop J, Maurais G, Kuntz C,
Shaffrey CI, et al. A phase I/IIa clinical trial of a recombinant Rho
protein antagonist in acute spinal cord injury. J Neurotrauma.
2011;28:787–96.

560 T. Konomi et al.



7. Geisler FH, Coleman WP, Grieco G, Poonian D, Sygen Study G.
The Sygen multicenter acute spinal cord injury study. Spine
(Philos Pa 1976). 2001;26(24 Suppl):S87–98.

8. Tuszynski MH, Steeves JD, Fawcett JW, Lammertse D, Kalich-
man M, Rask C, et al. Guidelines for the conduct of clinical trials
for spinal cord injury as developed by the ICCP Panel: clinical
trial inclusion/exclusion criteria and ethics. Spinal Cord.
2007;45:222–31.

9. Lammertse D, Tuszynski MH, Steeves JD, Curt A, Fawcett JW,
Rask C, et al. Guidelines for the conduct of clinical trials for spinal
cord injury as developed by the ICCP panel: clinical trial design.
Spinal Cord. 2007;45:232–42.

10. Maynard FM Jr., Bracken MB, Creasey G, Ditunno JF Jr.,
Donovan WH, Ducker TB, et al. International Standards for
Neurological and Functional Classification of Spinal Cord Injury.
American Spinal Injury Association. Spinal Cord.
1997;35:266–74.

11. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W,
Graves DE, Jha A, et al. International standards for neurological
classification of spinal cord injury (revised 2011). J Spinal Cord
Med. 2011;34:535–46.

12. Scivoletto G, Tamburella F, Laurenza L, Torre M, Molinari M.
Who is going to walk? A review of the factors influencing walking
recovery after spinal cord injury. Front Hum Neurosci.
2014;8:141.

13. Burns AS, Marino RJ, Flanders AE, Flett H. Clinical diagnosis
and prognosis following spinal cord injury. Handb Clin Neurol.
2012;109:47–62.

14. Marino RJ, Ditunno JF,Jr., Donovan WH, Maynard F,Jr. Neuro-
logic recovery after traumatic spinal cord injury: data from the
Model Spinal Cord Injury Systems. Arch Phys Med Rehabil.
1999;80:1391–6.

15. Scivoletto G, Morganti B, Molinari M. Neurologic recovery of
spinal cord injury patients in Italy. Arch Phys Med Rehabil.
2004;85:485–9.

16. Burns AS, Lee BS, Ditunno JF Jr., Tessler A. Patient selection for
clinical trials: the reliability of the early spinal cord injury
examination. J Neurotrauma. 2003;20:477–82.

17. Fawcett JW, Curt A, Steeves JD, Coleman WP, Tuszynski MH,
Lammertse D, et al. Guidelines for the conduct of clinical trials for
spinal cord injury as developed by the ICCP panel: spontaneous
recovery after spinal cord injury and statistical power needed for
therapeutic clinical trials. Spinal Cord. 2007;45:190–205.

18. Song PW, Dong FL, Feng CC, Shen YN, Wang Y, Zhang RJ,
et al. A study of predictors for hyponatraemia in patients with
cervical spinal cord injury. Spinal Cord. 2018;56:84–89.

19. Yugue I, Okada S, Ueta T, Maeda T, Mori E, Kawano O, et al.
Analysis of the risk factors for tracheostomy in traumatic cervical
spinal cord injury. Spine (Philos Pa 1976). 2012;37:E1633–8.

20. Cadotte DW, Wilson JR, Mikulis D, Stroman PW, Brady S,
Fehlings MG. Conventional MRI as a diagnostic and prognostic
tool in spinal cord injury: a systemic review of its application to
date and an overview on emerging MRI methods. Expert Opin
Med diagnostics. 2011;5:121–33.

21. Ditunno J, Little J, Tessler A, Burns A. Spinal shock revisited: a
four-phase model. Spinal cord. 2004;42:383.

22. Waring WP 3rd, Biering-Sorensen F, Burns S, Donovan W,
Graves D, Jha A, et al. review and revisions of the international
standards for the neurological classification of spinal cord injury. J
Spinal Cord Med. 2010;33:346–52. 2009.

23. Lucas JT, Ducker TB. Motor classification of spinal cord injuries
with mobility, morbidity and recovery indices. Am Surg.
1979;45:151–8.

24. Flanders AE, Spettell CM, Tartaglino LM, Friedman DP, Herbi-
son GJ. Forecasting motor recovery after cervical spinal cord
injury: value of MR imaging. Radiology. 1996;201:649–55.

25. Kawano O, Ueta T, Shiba K, Iwamoto Y. Outcome of decom-
pression surgery for cervical spinal cord injury without bone and
disc injury in patients with spinal cord compression: a multicenter
prospective study. Spinal Cord. 2010;48:548–53.

26. Resnick D, Niwayama G. Radiographic and pathologic features of
spinal involvement in diffuse idiopathic skeletal hyperostosis
(DISH). Radiology. 1976;119:559–68.

27. Vaccaro AR, Koerner JD, Radcliff KE, Oner FC, Reinhold M,
Schnake KJ, et al. AOSpine subaxial cervical spine injury clas-
sification system. Eur Spine J. 2016;25:2173–84.

28. Gupta SK, Rajeev K, Khosla VK, Sharma BS, Paramjit,
Mathuriya SN, et al. Spinal cord injury without radiographic
abnormality in adults. Spinal Cord. 1999;37:726–9.

29. Machino M, Yukawa Y, Ito K, Nakashima H, Kanbara S, Morita
D, et al. Can magnetic resonance imaging reflect the prognosis in
patients of cervical spinal cord injury without radiographic
abnormality? Spine (Philos Pa 1976). 2011;36:E1568–72.

30. Kanda Y. Investigation of the freely available easy-to-use soft-
ware ‘EZR’ for medical statistics. Bone Marrow Transpl.
2013;48:452–8.

31. Matsushita A, Maeda T, Mori E, Yugue I, Kawano O, Ueta T,
et al. Subacute T1-low intensity area reflects neurological prog-
nosis for patients with cervical spinal cord injury without major
bone injury. Spinal Cord. 2016;54:24–8.

32. Mahmood NS, Kadavigere R, Avinash KR, Rao VR. Magnetic
resonance imaging in acute cervical spinal cord injury: a corre-
lative study on spinal cord changes and 1 month motor recovery.
Spinal Cord. 2008;46:791–7.

33. Pan G, Kulkarni M, MacDougall DJ, Miner ME. Traumatic epi-
dural hematoma of the cervical spine: diagnosis with magnetic
resonance imaging. Case report. J Neurosurg. 1988;68:798–801.

34. Bozzo A, Marcoux J, Radhakrishna M, Pelletier J, Goulet B. The
role of magnetic resonance imaging in the management of acute
spinal cord injury. J Neurotrauma. 2011;28:1401–11.

35. Schaefer DM, Flanders AE, Osterholm JL, Northrup BE. Prog-
nostic significance of magnetic resonance imaging in the acute
phase of cervical spine injury. J Neurosurg. 1992;76:218–23.

36. Selden NR, Quint DJ, Patel N, d’Arcy HS, Papadopoulos SM.
Emergency magnetic resonance imaging of cervical spinal cord
injuries: clinical correlation and prognosis. Neurosurgery.
1999;44:785–92. discussion 792-3.

37. Boldin C, Raith J, Fankhauser F, Haunschmid C, Schwantzer G,
Schweighofer F. Predicting neurologic recovery in cervical spinal
cord injury with postoperative MR imaging. Spine (Phila Pa
1976). 2006;31:554–9.

38. Bondurant FJ, Cotler HB, Kulkarni MV, McArdle CB, Harris JH,
Jr. Acute spinal cord injury. A study using physical examination
and magnetic resonance imaging. Spine (Phila Pa 1976).
1990;15:161–8.

39. Ramon S, Dominguez R, Ramirez L, Paraira M, Olona M, Cas-
tello T, et al. Clinical and magnetic resonance imaging correlation
in acute spinal cord injury. Spinal Cord. 1997;35:664–73.

40. Shimada K, Tokioka T. Sequential MR studies of cervical cord
injury: correlation with neurological damage and clinical outcome.
Spinal Cord. 1999;37:410–5.

41. Maeda T, Ueta T, Mori E, Yugue I, Kawano O, Takao T, et al.
Soft-tissue damage and segmental instability in adult patients with
cervical spinal cord injury without major bone injury. Spine
(Philos Pa 1976). 2012;37:E1560–6.

42. Kobayakawa K, Kumamaru H, Saiwai H, Kubota K, Ohkawa Y,
Kishimoto J, et al. Acute hyperglycemia impairs functional
improvement after spinal cord injury in mice and humans. Sci
Transl Med. 2014;6:256ra137.

43. Burns SP, Golding DG, Rolle WA Jr., Graziani V, Ditunno JF Jr.
Recovery of ambulation in motor-incomplete tetraplegia. Arch
Phys Med Rehabil. 1997;78:1169–72.

Predictive factors for irreversible motor paralysis following cervical spinal cord injury 561



44. Scivoletto G, Morganti B, Ditunno P, Ditunno JF, Molinari M.
Effects on age on spinal cord lesion patients’ rehabilitation. Spinal
Cord. 2003;41:457–64.

45. Newton D, England M, Doll H, Gardner BP. The case for early
treatment of dislocations of the cervical spine with cord involve-
ment sustained playing rugby. J Bone Jt Surg Br.
2011;93:1646–52.

46. Guest J, Eleraky MA, Apostolides PJ, Dickman CA, Sonntag VK.
Traumatic central cord syndrome: results of surgical management.
J Neurosurg. 2002;97 Suppl 1:25–32.

47. Tsuji O, Suda K, Takahata M, Matsumoto-Harmon S, Komatsu
M, Menjo Y, et al. Early surgical intervention may facilitate
recovery of cervical spinal cord injury in DISH. J Orthop Surg
(Hong Kong). 2019;27:2309499019834783.

48. Fehlings MG, Vaccaro A, Wilson JR, Singh A, D WC, Harrop JS,
et al. Early versus delayed decompression for traumatic cervical
spinal cord injury: results of the Surgical Timing in Acute Spinal
Cord Injury Study (STASCIS). PLoS ONE. 2012;7:e32037.

49. Kawano O, Maeda T, Mori E, Takao T, Sakai H, Masuda M, et al.
How much time is necessary to confirm the diagnosis of perma-
nent complete cervical spinal cord injury? Spinal Cord.
2020;58:284–89.

50. Herbison GJ, Zerby SA, Cohen ME, Marino RJ, Ditunno JF Jr.
Motor power differences within the first two weeks post-SCI in
cervical spinal cord-injured quadriplegic subjects. J Neurotrauma.
1992;9:373–80.

51. Waters RL, Adkins RH, Yakura JS, Sie I. Motor and sensory
recovery following complete tetraplegia. Arch Phys Med Rehabil.
1993;74:242–7.

52. Waters RL, Adkins RH, Yakura JS, Sie I. Motor and sensory
recovery following incomplete tetraplegia. Arch Phys Med
Rehabil. 1994;75:306–11.

53. Eidelberg E, Walden JG, Nguyen LH. Locomotor control in
macaque monkeys. Brain. 1981;104:647–63.

54. Fehlings MG, Tator CH. The relationships among the severity of
spinal cord injury, residual neurological function, axon counts,
and counts of retrogradely labeled neurons after experimental
spinal cord injury. Exp Neurol. 1995;132:220–8.

55. Raineteau O, Schwab ME. Plasticity of motor systems after
incomplete spinal cord injury. Nat Rev Neurosci. 2001;2:
263–73.

56. Windle WF, Smart JO, Beers JJ. Residual function after subtotal
spinal cord transection in adult cats. Neurology. 1958;8:518–21.

57. Iwanami A, Yamane J, Katoh H, Nakamura M, Momoshima S,
Ishii H, et al. Establishment of graded spinal cord injury model in
a nonhuman primate: the common marmoset. J Neurosci Res.
2005;80:172–81.

58. Hayakawa K, Okazaki R, Ishii K, Ueno T, Izawa N, Tanaka Y,
et al. Phosphorylated neurofilament subunit NF-H as a biomarker
for evaluating the severity of spinal cord injury patients, a pilot
study. Spinal Cord. 2012;50:493–6.

59. Kijima K, Kubota K, Hara M, Kobayakawa K, Yokota K, Saito T,
et al. The acute phase serum zinc concentration is a reliable bio-
marker for predicting the functional outcome after spinal cord
injury. EBioMedicine. 2019;41:659–69.

60. Konomi T, Fujiyoshi K, Hikishima K, Komaki Y, Tsuji O, Okano
HJ, et al. Conditions for quantitative evaluation of injured spinal
cord by in vivo diffusion tensor imaging and tractography: Pre-
clinical longitudinal study in common marmosets. Neuroimage.
2012;63:1841–53.

61. Oleson CV, Burns AS, Ditunno JF, Geisler FH, Coleman WP.
Prognostic value of pinprick preservation in motor complete,
sensory incomplete spinal cord injury. Arch Phys Med Rehabil.
2005;86:988–92.

562 T. Konomi et al.


	Predictive factors for irreversible motor paralysis following cervical spinal cord injury
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Prognostic factors after SCI
	Possible implications
	Limitations

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




