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Abstract

Purpose In acute traumatic cervical spinal cord injury

(SCI) patients, we sought to characterize how objective

MRI measures of injury change during the first 3 week

post-injury.

Methods Six MRI scans each were planned in 19 cervical

SCI patients within the first 3 week post-injury. Length of

cord edema, maximum spinal cord compression, maximum

canal compromise, and presence and length of hematoma

were measured.

Results Length of spinal cord edema increased in the first

48 h after SCI, followed by a gradual decrease in the

3 weeks after injury. This was predominantly seen in the

more severe grades of SCI. Hematoma in the spinal cord

was seen in all AIS-A and B patients.

Conclusion This study demonstrates the dynamic nature of

imaging changes on MRI in the first weeks after injury and

highlights the importance of taking into account the timing

of imaging when interpreting objective measures of

damage.
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Introduction

Acute traumatic spinal cord injury (SCI) is a devastating

condition with an annual incidence ranging from 8.0 to

57.8 per million worldwide [1, 2]. For many years, mag-

netic resonance imaging (MRI) has routinely been used in

the acute setting to characterize the injury and assist in

surgical planning. More recently, there has been much

interest in utilizing objective measures derived from MRI

scans to characterize the severity of neurologic impairment

and to predict outcome. The large heterogeneity amongst

SCI patients, especially with regard to extent of neuro-

logical deficit, injury pattern, overall injury severity,

comorbidities, surgical strategies, and rehabilitation care,

makes prediction of neurological outcome very difficult

[3]. Current methods for predicting outcome based on the

initial functional neurologic examination are limited, and

there is a great need for objective measures to better

classify injury severity and predict outcome.

MRI is currently the gold standard for imaging of SCI

and the radiographic characteristics of this injury on MRI

are associated with neurological outcome [4]. Since 1988,

it has been identified that the presence of spinal cord edema

and hematoma portend a worse neurological outcome

[5, 6]. It has been suggested that the extent of spinal cord

edema is dynamic in the first days after SCI, based on
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experimental findings [6]. The first indirect clinical evi-

dence was presented in 2008; it was demonstrated that

increased time to MRI lead to an increased length in spinal

cord edema [7]. Direct evidence that spinal cord edema is

dynamic was shown in 2012 when the expansion rate of

spinal cord edema between two consecutive MRIs in the

first 72 h after injury was described [8]. However, how

spinal cord edema evolves after this initial expansion phase

remained unclear.

The work of Aarabi et al. has revealed that to utilize

objective MRI features as measures of injury, it is impor-

tant to acknowledge that the processes captured by MRI are

not static; rather, these changes are dynamic and evolve

rapidly during the acute period after SCI [8]. When inter-

preting cord edema on MRI, for example to classify injury

severity, or as a surrogate measure of a novel intervention’s

therapeutic effect, how the extent of cord edema changes

over time must be considered. To our knowledge, there are

no studies that systematically evaluate the MRI charac-

teristics of traumatic SCI over the first 3 week post-injury.

The objective of this study was to characterize the dynamic

nature of these MRI characteristics during the first three

weeks following SCI using serial MRI scans and to assess

the feasibility of conducting such a study in acute SCI

patients.

Methods

Study design

The study design is prospective descriptive pilot study on

MRI characteristics in cervical SCI based on serial scans in

patients with cervical SCI.

Patient selection

Consecutive adult patients (18 years or older) with a

traumatic SCI between C1 and T1 were eligible for

inclusion. Additional inclusion criteria were: admission to

the Vancouver General Hospital within 24 h after the

injury; able to communicate in English; and able and

willing to provide informed consent. Exclusion criteria

were: pathological fractures; SCI due to infection; presence

of pacemaker, aneurysm clip, or any other device that is a

contraindication to MRI; BMI[40 or unable to fit within

the MRI scanner; multiple life threatening injuries (ISS

[16) that preclude multiple transports to MRI; any con-

dition that, at the time of admission, prevented complete

International Standards for Neurological Classification of

Spinal Cord Injury (ISNCSCI) assessment. Based on prior

data from our unit, 20 patients were assumed to be suffi-

cient to ensure an adequate patient number in each

American Spinal Injury Association Impairment Scale

(AIS) grade in our pilot study.

MRI examinations

MRI scans were planned at six time points after injury—

within 24 h, within 24–48 h, 4 days (±6 h), 1 week

(±12 h), 2 weeks (±24 h), and 3 weeks (±48 h). All MRI

scans were performed on a 1.5 T MRI system (Siemens

MAGNETUM, Aera, Erlangen, Germany) with a protocol

including Sagittal T1, Sagittal T2, Sagittal STIR, and axial

T2* GRE imaging sequences.

For Sagittal T2/T1-weighted sequences, images were

obtained with a field of view of 220 mm and an image

matrix of 269 9 384. The conventional MRI sequences

were fast-spin-echo (FSE) T1-weighted sagittal image (TR/

TE = 533 ms/10 ms), T2-weighted sagittal image (TR/

TE = 3000 ms/84 ms), and FSE T2-weighted axial image

(T2-WI) (TR/TE = 3390/98) and T2* gradient echo

weighted axial image (MEDIC) (TR/TE = 1030/24).

Outcome variables

Patient demographics, injury characteristics, trauma

mechanism treatment details, time/date of injury, and all

MRI scans were collected in a prospective manner. The

ISNCSCI assessment at admission was performed by spine

residents and fellows who were specifically trained in this

grading instrument.

MRI measurements were performed twice by one

observer at different time points at a PACS station. The

observer was a fellow in spinal surgery (JR) and certified

orthopaedic surgeon with a PhD in spine research. At the

time of the assessments, the observer was blinded for

clinical and neurological data. Time interval between the

two measurements was at least 1 week. The mean of these

two measurements was used as the final outcome measure.

MRI outcome variables were: vertical length of cord

edema; anatomical point of maximum cord compression;

maximum spinal cord compression (MSCC); maximum

canal compromise (MCC); and presence and length of

hematoma in the spinal cord. Measurements were per-

formed as previously described by Miyanji and Fehlings

et al. [9–11]. Briefly, length of spinal cord edema, MSCC,

presence and length of hematoma in the spinal cord were

determined on the mid-sagittal T2-WI. Spinal cord edema

was defined as hyper-intense signal on T2-WI. Hematoma

was defined as hypo-intense signal in the spinal cord sur-

rounded by hyper-intense signal on T2-WI. MCC was

determined on the initial mid-sagittal T1-WI. On the sub-

sequent scans, we were not able to determine the MCC,

since surgical decompression was performed in the

majority of the study population. Expansion rate of spinal
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cord edema was calculated by dividing the difference in

vertical length of spinal cord edema by the time interval

between the injury and the initial MRI or the time interval

between consecutive MRIs (Fig. 1).

Reliability of our measurements was assessed by cal-

culating the interclass correlation coefficient (ICC) of

vertical length of spinal cord edema, vertical length of

hematoma, MSCC, and MCC.

Ethical considerations

The study protocol was reviewed and approved by the

Clinical Research Ethics Board of the University of British

Columbia and the Vancouver General Hospital.

Results

Patient characteristics

A total of 20 patients were included in this study between

February 2015 and April 2016. One patient withdrew after

the initial MRI because of claustrophobia, and therefore,

MRI scans from 19 patients were available for analysis. The

mean age was 57 years, and 74% were male. Falls were the

most common cause of SCI, and fracture dislocation was the

most frequent injury morphology. The majority of patients

were treated surgically (84%); however, three patients with

central cord syndrome without ongoing compression of the

spinal cord on the initial MRI were treated conservatively.

For all our patients, in this study, mean arterial pressure

(MAP) goals were set at 80 mmHg for the first 7 days after

injury. None of our patients received dexamethasone as

neuroprotective treatment. Neurogenic shock was diagnosed

in 5 patients (26%). Mean resuscitation volume was

1830 ± 1900 ml. Mean ISS of our patients was 24.3 ± 8.7.

Mean surgical invasiveness score was 11.6 ± 5.8 for the 16

patients who were treated surgically. Mean time interval

between injury and surgical stabilisation and decompression

was 24.2 ± 18.3 h (Table 1).

MRI scans

Seventy-eight percent of the planned MRI scans were

performed. The MRI scans most commonly not completed

were the scan planned at 48 h after injury and the scan

3 weeks after injury (42 and 32%, respectively) (Table 2).

The main reason for not obtaining the 48 h scan was the

clinical condition of the patient, with transport of the

patient from ICU to the MRI scanner deemed unsafe. The

3 week scans were most commonly missed due to early

discharge of the patient. One 0–24 h scan was missed,

because the patient was brought directly from the emer-

gency room to the operative theatre in order to facilitate

early decompression of the spinal cord. We calculated the

ICC to assess the reliability of our MRI measurements. The

ICC for vertical length of spinal cord edema, vertical

length of hematoma, MSCC, and MCC was 0.872, 0.764,

0.780, and 0.770, respectively.

Vertical length of spinal cord edema

The mean vertical length of spinal cord edema shows a

clear pattern in the first 3 weeks after spinal cord injury.

There is an increase in mean length of spinal cord edema in

the first 48 h after spinal cord injury, followed by a gradual

Fig. 1 a Vertical length of cord edema measured as the distance

between the most cranial and most distal point of spinal cord edema in

the mid-sagittal plane on T2-WI. b Vertical length of hematoma in the

spinal cord measured as the distance between the most cranial and

most caudal border of the hematoma in the mid-sagittal plane on T2-

WI. c Maximum spinal cord compromise (MSCC) measured on mid-

sagittal T2-WI based on spinal cord diameter at the level of injury

(Di), first unaffected level above the injury (Da), and first unaffected

level below the injury (Db). d Maximum canal compromise (MCC)

measured on mid-sagittal T1-WI based on spinal canal diameter at the

level of injury (di), first unaffected level above the injury (da), and

first unaffected level below the injury (db)
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decrease in the following 3 weeks (Fig. 2a). The change in

expansion rate of spinal cord edema is in line with this

pattern (Fig. 3a). The stratified data for AIS grade

demonstrate that this pattern was mainly present in the

AIS-A patients. Length of spinal cord edema in the AIS-B,

Table 1 Patients’ characteristics

Number of patients 19

Female/male (no [%]) 5/14 (26/74%)

Age (mean, years [SD]) 57.2 (15.1)

Trauma mechanism (no [%])

Fall 11 (58%)

Sports 4 (21%)

MVA 3 (16%)

Other 1 (5%)

Injury morphology (no [%])

Fracture dislocation 10 (53%)

Central cord syndrome 5 (26%)

Hyper extension injury 4 (21%)

AIS grade at admission (no [%])

AIS-A 8 (42%)

AIS-B 2 (11%)

AIS-C 4 (21%)

AIS-D 5 (26%)

Neurological level of injury (no [%])

C2 2 (11%)

C3 1 (5%)

C4 7 (37%)

C5 6 (32%)

C6 2 (11%)

T1 1 (5%)

Treatment (no [%])

Surgical anterior approach 7 (37%)

Surgical posterior approach 5 (26%)

Surgical circumferential/360o 4 (21%)

Conservative management 3 (16%)

SD standard deviation, MVA motor vehicle accident, AIS American

Spinal Injury Association Impairment Scale

Table 2 Percentage of completed planned MRI scans per time point

Time point Percentage of

completed scans (%)

0–24 h 95

48 h 58

96 h 79

1 week 89

2 week 79

3 week 68

Fig. 2 Mean length of spinal cord edema for each time point (a).
Mean length of spinal cord edema for each time point stratified for

AIS grade per time point (b). Error bars indicate SD

Fig. 3 Mean expansion rate of spinal cord edema for each time point

(a). Mean expansion rate of spinal cord edema each time point

stratified for AIS grade (b). A negative value represents a decrease in

spinal cord edema. Error bars indicate SD
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-C, and -D patients was much more stable over time

(Fig. 2b). The expansion rate for spinal cord edema strat-

ified according to AIS score further supports this finding by

showing the highest expansion rates in the AIS-A patients

(Fig. 3b). A clinical example of the temporal change in

length of spinal cord edema is shown in Fig. 4.

Vertical length of spinal cord hematoma

Hematoma in the spinal cord was found in all AIS-A and B

patients, and in 50% of the AIS-C patients (Table 3). If a

hematoma was seen, it was usually identified on the initial

MRI and remained present until the final MRI at 3 weeks

after injury. However, in one AIS-A and one AIS-C

patient, the hematoma was not present at the initial MRI

and was identified at the second scan. In one AIS-B patient,

only a small hematoma was seen on the 48-h MRI scan and

not on any of the other scans. No hematomas were seen in

the AIS-D patients (Table 3).

The mean length of the hematoma in the spinal cord

increased in the first 48 h after injury, and then gradually

decreased in the 3 weeks after injury (Fig. 5). A clinical

example of the change in length of the hematoma in the

first 3 weeks after SCI is shown in Fig. 4.

Spinal cord compression and spinal canal

compromise

Mean MSCC on the initial MRI ranged from 14 to 19%

(Fig. 6a). Mean MCC on the initial MRI ranged from 15 to

26% (Fig. 6b). Minimally higher MSCC levels were found

in the more severe SCIs, whereas no relation was identified

between MCC and AIS grade (Fig. 6a, b).

The MSCC decreased after the initial MRI as a result of

surgical decompression. The negative MSCC values indi-

cate swelling of the spinal cord (Fig. 7a). Spinal cord

swelling was predominantly seen in the more severe SCI

(Fig. 7b).

Discussion

This prospective study, for the first time, describes the

temporal changes of MRI characteristics in SCI during the

first 3 weeks after injury. We identified an increase in

vertical length of spinal cord edema in the first 48 h after

SCI, followed by a gradual decrease in the 3 weeks after

injury. Not surprisingly, the greatest lengths of spinal cord

edema and hematoma were found in those with the most

Fig. 4 Clinical example of changes in MRI characteristics for each

time point in a patient with a C5-6 fracture dislocation, C5 AIS-A,

treated with a C5 vertebrectomy, cage, and anterior plate fixation. The

short horizontal blue lines indicate the cranial and caudal extent of the

spinal cord edema, whereas the vertical blue lines indicate the length

of spinal cord edema as indicated in mm. The yellow line drawn

around the borders of the hematoma in the spinal cord to demonstrate

the size of the hematoma at each time point, whereas the vertical

yellow lines indicate the length of the hematoma as indicated in mm
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severe (AIS-A and B) injuries. Hematoma in the spinal

cord was seen in all AIS-A and B patients, in 50% of the

AIS-C patients, and in none of the AIS-D patients.

The first serial MRI study in SCI was performed by

Shimada et al. and was published in 1999 [12]. This study

reports MRI characteristics of SCI in the first year after

injury and showed a decrease in length of spinal cord

edema between the initial MRI and the scan performed 3

weeks after the injury [12]. Since no serial MRI scans were

performed in the first week after SCI, this study was not

able to assess for any increase in spinal cord edema during

the first 48 h after injury [12].

The first direct evidence that spinal cord edema

increases in the first days after spinal cord injury was

provided by Aarabi et al. in [8]. Two consecutive scans in

the first days after SCI were performed in 42 patients and

showed an increase in spinal cord edema during the time

interval between the scans [8]. The described spinal edema

expansion rate of 0.9 mm/h by Aarabi et al. is comparable

to the mean 0.6 mm/h that we found in our 24–48 h

interval [8]. As shown in the current study, the expansion

rate steadily decreases during the first 48 h after SCI.

Therefore, the lower value in the current study could be

explained by the timing of the initial MRI. In Aarabi’s

study, the initial MRI was performed a mean of 6.8 h after

injury, whereas in the current study, this was 14.6 h [8].

Table 3 Presence of hematoma

in the spinal cord
AIS grade at admission Hematoma (%) Mean length of hematoma (mm [SD]) No hematoma (%)

AIS-A 100 7.6 (4.7) 0

AIS-B 100 4.7 (3.1) 0

AIS-C 50 1.9 (0.9) 50

AIS-D 0 – 100

Fig. 5 Mean length of hematoma in the spinal cord for each time

point. Error bars indicate SD

Fig. 6 Mean maximum spinal cord compression (MSCC) on the

initial MRI for each AIS grade (a) Mean maximum canal compromise

(MCC) on the initial MRI for each AIS grade (b). Error bars indicate
SD

Fig. 7 Mean maximum spinal cord compression (MSCC) for each

time point (a). Mean MSCC for each time point stratified for AIS

grade (b). A negative value represents spinal cord swelling. Error

bars indicate SD

Eur Spine J (2017) 26:2324–2332 2329

123



Hematoma in the spinal cord has been associated with a

worse neurological prognosis and is one of the most

important predictors for neurological outcome [5, 13].

Spinal cord hematoma in SCI is predominantly seen in

AIS-A and B patients, with reported ranges being 50–100%

and 14–72%, respectively [9, 14–16]. However, hemor-

rhage in AIS-C patients and in combined patient cohorts of

incomplete injuries (AIS-B-D) has also been reported

[9, 14, 16]. These findings are all based on single MRI

studies and in a heterogeneous time window after injury,

ranging from\24 h to 12 days. This might explain why the

percentage of spinal cord hematomas in the AIS-B and C

patients in the current study was higher than reported by

the previous studies, especially since 25% of the hemato-

mas in this study were not identified on the initial MRI.

Length of hematoma is sparsely reported in literature.

Boldin et al. report a mean length of 10.5 mm in AIS-A

patients and a mean of 4.0 mm in incomplete injuries [14].

These findings are comparable with the hematoma length

found in the current study.

MCC and MSCC as methods to quantify spinal canal

compromise and spinal cord compression/swelling after

traumatic SCI were introduced by Fehlings and Furlan

et al. [11, 17]. Several studies have used these methods to

analyse canal compromise and cord compression after

traumatic SCI [9, 13, 16, 18]. MCC and MSCC reported in

these studies range between 22–62% and 23–58%,

respectively, for complete injuries and 14–38% and

20–52%, respectively, for incomplete injuries [9, 13, 16].

The MCC and MSCC reported in the current study fall

within the lower percentile reported in literature. When

compared to other studies, the current study consists of a

relatively large number of injuries caused by low energy

mechanisms (falls) that might result in a lower mean MCC

and MSCC [9, 13, 16]. Recently, the level of pre-existing

spinal cord compression in patients with SCI without bone

injury, as measured by the MSCC, has been related to the

severity of neurological injury [19]. In the current study,

only 5 patients without bone injury were included, and

therefore, no relation between MSCC and AIS grade could

be identified; nevertheless, all these patients had pre-ex-

isting cord compromise with a mean MSCC of 16%.

The observed swelling of the spinal cord on MRI is a

well-known qualitative variable in SCI and has been

associated with more severe injuries and worse neurolog-

ical prognosis [9, 18, 20]. The spinal cord swelling found in

the current study was predominantly seen in the AIS-A and

B patients and, therefore, in line with our current

understanding.

A secondary aim of the current study was to evaluate if

it was feasible to conduct a serial MRI study in the acute

phase after SCI. In total, 78% of the planned MRIs were

actually performed. The most commonly missed MRI was

the scan that was planned at 48 h after injury. During the

24–48 h interval, the patients in our study were often

undergoing surgery or just recovering from it, often in the

ICU, intubated, sedated, and on vasopressors. Therefore, in

some cases, transfer to the MRI scanner was deemed too

risky for a research MRI. In addition, the MRI at 3 weeks

after the injury was often missed, especially for the AIS-C

and D patients. These patients were usually already dis-

charged to a rehabilitation facility without resources to

accommodate the transport to our hospital for the follow-

up MRI.

There are very few serial MRI studies performed during

the first weeks after a trauma or other acute event. One

serial MRI study conducted in the first weeks after a stroke

achieved a total of 88% completed scans [21]. Based on the

fact that the patient population in the current study often

required acute surgery, prolonged intubation, and ventila-

tion, the 78% completed scans, in our opinion, should be

considered as a reasonable achievement.

Clearly, missing a substantial part of our patients’ data is

a limitation of this study. However, this might be an

inevitable consequence of studying severely injured

patients during the acute phase after their trauma. Another

limitation of our study is the small sample size per AIS

grade, especially the AIS-B group (n = 2). Nevertheless,

the other incomplete (AIS-C and D) and the complete

injuries (AIS-A) are well represented, and therefore, it is

still reasonable to draw conclusions from this descriptive

pilot study.

This study was designed as a descriptive pilot study

with a small number of patients and this limits the sta-

tistical analysis that can be performed. This study was

specifically designed to identify the change of MRI

characteristics over time enabling us to design further

studies with an appropriate sample size. For this study, a

single observer with high ICC values is considered ade-

quate to identify the dynamic nature of MRI characteris-

tics in SCI; nevertheless, for future studies, multiple

observers will be used.

The relation between the dynamics of MRI character-

istics and neurological recovery is an important subject of

future serial studies. Furthermore, it will be important to

identify which time point for an MRI scan after SCI has the

best prognostic value for neurological recovery. The

recently introduced BASIC classification for SCI strongly

correlates with potential neurological recovery [22].

Including the BASIC classification in future serial MRI

studies is an important step to determine the time point at

which an MRI has the best prognostic value [22].
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Conclusions

This study demonstrates a clear pattern of temporal chan-

ges in the MRI characteristics that accompany the first

3 weeks after SCI on serial images. We have shown that

serial MRI studies in traumatic SCIs are feasible; however,

it should be anticipated that some of the planned scans may

not be performed due to the clinical condition of the

patient. Based on the current study, it is important to realise

that spinal cord edema on MRI is dynamic. This should be

taken into account when interpreting SCI on MRI for

clinical or scientific purposes. This study provides further

support for the current understanding that many morpho-

logic changes occur in the injured spinal cord in the first

48–72 h after injury. Assuming that these morphologic

changes are manifestations of the pathophysiologic pro-

cesses that occur post-injury, the findings would support

the notion that significant secondary damage is occurring in

these first few days and it is a time period, well suited for

neuroprotective agents. Importantly, for novel neuropro-

tective interventions being tested in acute SCI, the alter-

ation in these measurable dynamic changes on MRI may

prove to be a useful surrogate outcome measure of bio-

logical effect. Such biomarkers would be highly useful in

the testing of novel therapies, but in the case of early MRI

measures, there is definitely the need to understand the

dynamic nature of the changes.
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