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Introduction: Following a traumatic spinal cord injury (SCI) it is critical to

document the level and severity of injury. Neurological recovery occurs

dynamically after injury and a baseline neurological exam o�ers a snapshot of

the patient’s impairment at that time. Understanding when this exam occurs in

the recovery process is crucial for discussing prognosis and acute clinical trial

enrollment. The objectives of this study were to: (1) describe the trajectory of

motor recovery in persons with acute cervical SCI in the first 14 days post-injury;

and (2) evaluate if the timing of the baseline neurological assessment in the first

14 days impacts the amount of motor recovery observed.

Methods: Data were obtained from the Rick Hansen Spinal Cord Injury Registry

(RHSCIR) site in Vancouver and additional neurological data was extracted from

medical charts. Participants with a cervical injury (C1–T1) who had a minimum

of three exams (including a baseline and discharge exam) were included. Data on

the upper-extremity motor score (UEMS), total motor score (TMS) and American

Spinal Injury Association (ASIA) Impairment Scale (AIS) were included. A linear

mixed-e�ect model with additional variables (AIS, level of injury, UEMS, time,

time2, and TMS) was used to explore the pattern and amount of motor recovery

over time.

Results: Trajectories of motor recovery in the first 14 days post-injury showed

significant improvements in both TMS and UEMS for participants with AIS B, C, and

D injuries, but was not di�erent for high (C1–4) vs. low (C5–T1) cervical injuries

or AIS A injuries. The timing of the baseline neurological examination significantly

impacted the amount ofmotor recovery in participantswith AIS B, C, andD injuries.

Discussion: Timing of baseline neurological exams was significantly associated

with the amount of motor recovery in cervical AIS B, C, and D injuries. Studies

examining changes in neurological recovery should consider stratifying by severity

and timing of the baseline exam to reduce bias amongst study cohorts. Future

studies should validate these estimates for cervical AIS B, C, and D injuries to see

if they can serve as an “adjustment factor” to control for di�erences in the timing

of the baseline neurological exam.
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Introduction

The clinical evaluation of acute traumatic spinal cord injury

(SCI) utilizes the widely accepted International Standards for

the Neurological Classification of SCI (ISNCSCI) examination to

characterize the degree of neurological impairment (1). This exam

provides a standardized way to report the level and severity of

injury and has been used to predict neurological recovery and

outcome (2). It is recommended that the ISNCSCI exam is done

following the SCI (1, 3). However, the challenge in the acute setting

is that the SCI itself is evolving from the moment that it happens.

Many patients, for example, will describe a period of complete

paralysis at the scene of the accident when the initial injury occurs,

with subsequent improvement to varying degrees of incomplete

motor/sensory recovery observed in the ensuing hours and days.

Because this is a dynamic process, how one interprets recovery will

invariably be influenced by when the neurological assessment is

actually done (i.e., when the “snapshot” of neurological impairment

is actually taken). For example, if a patient begins at the scene of the

accident (prior to any formal ISNCSCI examination) with a motor

score of 0, and at 1-month post-injury has a motor score of 25, how

one interprets this amount of recovery will depend upon when the

first formal ISNCSCI examination actually occurred. Perhaps this

patient had a motor score of 5 on arrival in hospital 4 h later, and

then by the timemagnetic resonance imaging (MRI) was conducted

and the patient was taken to the operating room,∼12 h post-injury,

the motor score was 10. If the clinical team was able to assess an

ISNCSCI examination at 4 h post-injury, it would be interpreted

that at 1 month the recovery was 20 points. But if the ISNCSCI was

performed at 12 h, motor recovery would be deemed to be 15 points

(25% less), just due to the timing of the baseline examination.

Studies investigating neurological recovery following SCI vary

in terms of when the baseline neurological exam is conducted and

have ranged from 2 h up to 30 days (4–14) (see Table 1). Practically,

the precise timing of the examination is often not documented and

this lack of recorded time further complicates the understanding

of neurological recovery following the initial assessment. Because

the time of the baseline neurological assessment is not standardized

in registries, this issue may confound studies where investigators

use specific inclusion criteria for the intervention group but use

a control group from a registry where the timing of the first

neurological exam varies from one day to one-month post injury.

Bias can be introduced into the analysis if exams performed earlier

post-injury (i.e., before the possibility of spontaneous neurological

recovery) are grouped with later examinations that may have

been taken after or during spontaneous neurological recovery

(15). In this case, participants in the “earlier exam” group may

falsely exhibit greater neurological improvement in response to the

intervention than the “later exam” group. It is also important that

the examiners are trained and have experience to ensure the exam

results are reliable and valid (16, 17).

Furthermore, most of the evidence on neurological recovery

is based on a cross-sectional or longitudinal study design with

only a few time points (e.g., at admission and scheduled follow-

ups). Given the nature of neurological recovery, a longitudinal

study design that includes multiple data points (e.g., on admission,

following surgery, on admission to rehab, at discharge) temporally

recorded would help describe neurological recovery following

injury and allow researchers to more appropriately adjust for

the differences between groups (e.g., cases and controls). Finally,

earlier work by our research group and others has highlighted the

importance of controlling for heterogeneity of SCI by appropriately

stratifying study participants into categories by both neurological

severity and level of injury, recording the number of study

participants, and reporting the mean baseline motor scores for each

study participant category (15, 18).

To understand the trajectory of neurological recovery following

SCI, we examined the relationship between the timing of

neurological assessment and motor recovery over the first 14 days

post injury using a longitudinal study design in persons with

cervical SCI, as this is the average time frame reported in SCI

studies (4–6, 8–11, 13, 19). The specific study objectives were to:

(1) describe the pattern and amount of motor recovery in persons

with an acute cervical SCI over the first 14 days (including taking

into consideration the neurological level and severity of the SCI);

and (2) evaluate if the timing of the first neurological examination

over the first 14 days biases the amount of motor recovery observed.

Materials and methods

Study design

A retrospective cohort analysis using a longitudinal study

design was used. For this study, we focused on motor recovery

following cervical SCI, given this is often an outcome used for SCI

clinical trials (20, 21).

Study cohort

Patients were enrolled in the Vancouver site of the Rick Hansen

SCI Registry (RHSCIR), a pan-Canadian prospective observational

registry of 30 major acute and rehabilitation hospitals, between

2004–2012. Full details of the RHSCIR have been described

elsewhere (22). Eligibility for the study included participants with

an acute cervical SCI (C1–T1) who had a minimum of two

neurological exams with upper-extremity motor score (UEMS),

total motor score (TMS) and American Spinal Injury Association

(ASIA) Impairment Scale (AIS) data conducted within the first 2

weeks of injury (at least one in each week except AIS which was just

for the first exam), and a final exam with the same data elements

(UEMS, TMS, AIS) within RHSCIR.

Participant, injury and care management
data variables

Demographic and injury data on RHSCIR participants included

age, sex, mechanism of injury (i.e., assault, fall, sport, transport,

or other) (23), a total count of medical comorbidities based on

the Charlson Comorbidity Index (24, 25), and additional injuries

to other body regions using the Injury Severity Score (ISS) (26).

Data describing the provision of care consisted of the time to
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TABLE 1 Comparing distribution of first neurological exam in cervical SCI studies.

References Number of
participants

First ISNCSCI
exam post injury
(approximate
time)

Follow-up
ISNCSCI exam

Neurological
level of injury
(approximate
time)

Neurological
severity (AIS)

Maynard et al. (4) 114 72 hours 1 year Frankel classification A–D: based on Frankel

classification

Marino et al. (5) 482 7 days 1 year C1–L5 A–D: based on Frankel

classification and AIS

Burns et al. (6) 103 48 hours 1 year Not available A–D

Fawcett et al. (7) Review paper so NA 30 days 1 year C1-L5 A–D

Curt et al. (8) 1140 14 days 48 weeks Tetraplegic, paraplegic A–D

Van Middendorp et al.

(9)

161 15 days 6 months−1 year C1–T11 A–D

Marino et al. (10) 125 7 days 1 year C1–C8 A–D

Steeves et al. (11) 305 72 hours−7 days 1 year C4–C7 A

Kirshblum et al. (12) 187 30 days 1 year C1–L5 A

Evaniew et al. (13) 85 48 hours 1 year C1–T1 A

Balbinot et al. (14) 748

440 (subset)

4 weeks

7 days

48 weeks for all C1–C8 A–D

AIS, American Spinal Injury Association (ASIA) Impairment Scale; ISNCSCI, International Standards for the Neurological Classification of Spinal Cord Injury; NA, not applicable.

the acute hospital (Vancouver General Hospital), spine procedures

(number receiving surgery, timing of surgery), admission to

rehabilitation (GF Strong Rehabilitation Center), and acute as well

as rehabilitation length of stay.

Neurological impairment was assessed using the ISNCSCI (1,

3, 27). The date and time of these examinations (recorded in days

post injury) were obtained from RHSCIR. The neurological exams

were conducted by the clinical team who are trained on how to

complete the ISNCSCI exam including physical therapists, nurses,

spine residents/fellows and spine surgeons. Data from the ISNCSCI

included the neurological level of injury (NLI), AIS to describe the

injury severity, and the UEMS and TMS. The AIS classifies persons

with SCI as having a motor-sensory complete injury (AIS A), a

motor complete and sensory incomplete injury (AIS B), or a motor-

sensory incomplete injury (AIS C or AIS D). The UEMS includes

fivemuscles groups scored out of 5 per extremity, for a total score of

50 and a TMS of 100 (1, 3). The AIS grade assignment was verified

using the Praxis ISNCSCI Algorithm which provides an AIS grade

based on the motor and sensory data, including voluntary anal

contraction (VAC) and deep anal pressure (DAP) (2). Neurological

severity (AIS A, B, C, D), level of injury (high cervical C1–C4; low

cervical C5–T1), the UEMS and TMS were obtained. A hospital

chart review was conducted to obtain additional neurological exam

data during the individuals’ acute in-patient admission.

Statistical analysis

First, a descriptive analysis of the data was conducted.

Continuous variables were reported using mean and standard

deviation, and categorical variables were described using a

frequency (percentage). Missing data was not imputed. Trajectories

of neurological recovery using motor scores (UEMS, TMS) from

the first day up to 14 days post injury and a final exam prior to

discharge, were created for subgroups AIS A, B, C and D.

Data was then stratified by neurological severity (AIS A, B,

C, D) and level of injury (high cervical C1–C4; low cervical C5–

T1) to determine if there were any differences in recovery between

these groups. To explore the pattern and amount of motor recovery

over time (up until the last exam) as well as the effect of when

the exam was conducted over 14 days post injury (at least one

exam was done in the first week and at least one exam was done

in the second week), a linear mixed-effect model was used. In all

of the linear mixed-effect models, a fixed-effects model was used

first and the complexity of the model was increased in steps by

adding random effects and additional variables [i.e., time (linear

form), time2 (quadratic form), AIS, level of injury, and motor score

(UEMS, TMS)]. This process was continued until there was no

improvement in the log-likelihood value, AIC and BIC goodness

of fit criteria. The rate of conversion of AIS grade from the first to

final assessment was also calculated and compared to the literature.

A p-value of <0.05 was considered statistically significant. All

statistical analyses were performed using SPSS (version 27) and

Rx64 (version 3.3).

Results

Between 2004 and 2012, a total of 849 individuals were admitted

to Vancouver General Hospital, and enrolled in the Rick Hansen

Spinal Cord Injury Registry (RHSCIR), among these participants,

234 individuals had cervical spinal cord injury spanning from C1–

T1. Sixty-six participants were excluded because they did not have

at least two neurological examinations, resulting in a study cohort

of 168 individuals (see Figure 1 for the study consort diagram). The

mean age at the time of injury was 45.3 (SD= 17.8) years, 78% were
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FIGURE 1

Study Consort Diagram of 849 individuals who were assessed for eligibility. *Neurological exam data included: UEMS, upper-extremity motor score;

TMS, total motor score; and AIS, American Spinal Injury Association (ASIA) Impairment Scale. VGH, Vancouver General Hospital.

male, and the average time to the acute care hospital was 3.29 h (SD

= 4.07; see Table 2A). On average, participants had 10 neurological

exams, with a range of 3–15, over the study period which spanned

from 1 to 365 days. Over half (50.6%) had their first exam within

24 h, 84% had their first exam within 48 h, and 94% had their first

exam within 72 h. As mentioned previously, in addition to the

initial neurological exam in the first week, all participants had at

least one exam in the second week post injury. The distribution

of neurological severity on admission was 72 (42.9%) AIS A, 33

(19.6%) AIS B, 47 (28%) AIS C, and 16 (9.5%) AIS D (Table 2A). Of

the participants who were classified as AIS A on admission, 25.9%

converted to AIS B, and 14.8% to AIS C or D by their discharge

(Table 2B). More than half (59.4%) of the participants who were

classified as AIS B on admission converted to AIS C or D (Table 2B).

Further cohort details are included in Tables 2A, 2B.

Trajectories of motor recovery starting at 1 day up to 14 days

post injury were visualized (see Figures 2, 3). Patterns and amount

of motor recovery over the first 14 days were examined using a

linear mixed-effect model. For the participants with AIS A injuries,

UEMS and TMS were stable and not significantly different over 14

days post-injury. There were significant differences in the change in

UEMS and TMS over 14 days for participants with a neurological

severity AIS B, C, D, and stratified for neurological level (Table 3A),

when compared to individuals with an AIS A injury. The changes

in UEMS over 14 days post injury were most pronounced in

individuals with AIS D injuries (p < 0.001 for UEMS and TMS;

Table 3B).

Next, we explored the effect of timing of the neurological

examination over 14 days, neurological severity (AIS A, B, C, D)

and level of injury (high cervical and low cervical) on UEMS and

TMS using a mixed-effect model. Specifically, we assessed whether

the timing of the first neurological exam had an association with

neurological recovery for each of the cervical AIS and neurological

level of injury subgroups [i.e., high (C1–C4) vs. low cervical (C5–

T1)]. For the cervical AIS A group (high and low cervical), there

was no significant effect of timing of the exam on neurological

recovery (i.e., motor score change) during the first 14 days post-

injury (Table 3A). In the cervical AIS B group, the time of

examination significantly impacted the UEMS (4.50; p-value =

0.02) and TMS (5.32; p-value = 0.05) over 14 days (Figures 2, 3

and Tables 3A, 3B). Furthermore, the effect of time in a linear

form as well as a quadratic form (time2) were tested in the model

and only the linear form (0.15; p-value < 0.001) was significant

for the AIS B group. For the cervical AIS C group, there were

significant differences in UEMS (3.61; p-value = 0.05) and TMS

(15.74; p-value < 0.001) recovery over the first 2 weeks and they

were most pronounced around 72 h post-injury. For this group, the

timing of the neurological exam was significant in both linear and

quadratic form (time, time2) using a mixed-effects model. Finally,

the results for the AIS D group revealed that the timing of the initial

examination was significantly related to changes in both UEMS

(21.56; p-value < 0.001) and TMS (64.19; p-value < 0.001). The

AIS D subgroup demonstrated the highest slope of change (i.e.,

improvement in UEMS and TMS) when compared to the other

AIS subgroups. The injury location (high vs. low cervical) and time

interaction term was not significant for AIS B, C, and D injuries in

the first 14 days post injury.

These results illustrate that the timing of neurological exams

and injury severity were important factors. For individuals with the

most severe injuries (AIS A group), the timing of the neurological

exam did not have a significant impact on the observed neurological

recovery. For AIS, B, C, and D injuries, the recovery curve was

nonlinear and recovery began immediately after injury, with the

most significant changes happening up to 72 h after the injury.

Finally, for individuals with the least severe injuries (AIS D group),

the timing of the exam was especially important, and they had the
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TABLE 2A Participant characteristics for the analysis cohort (n = 168).

Variable

Age at injury; mean years (SD) 45.3 (17.8)

Male n (%) 131 (78)

Mechanism of injury n (%)

Falls 64 (38.1)

Transport 54 (32.1)

Sports 36 (21.4)

Other 14 (8.3)

Charlson Comorbidity Index n (%)

0 136 (81)

1–2 27 (16.1)

3+ 5 (2.9)

Injury Severity Score mean (SD) 25.7 (11.6)

Neurological severity of injury on admission (AIS) n (%)

A 72 (42.9)

B 33 (19.6)

C 47 (28)

D 16 (9.5)

Neurological injury level n (%)

High cervical (C1–C4) 80 (47.6)

Low cervical (C5–T1) 88 (52.4)

UEMS change over 14 days post-injury; mean motor score

units (SD)

AIS A 1.7 (4.6)

AIS B 1.07 (5.1)

AIS C 4.3 (7.5)

AIS D 7.1 (11.4)

TMS change over 14 days post-injury; mean motor score

units (SD)

AIS A 1.30 (4.9)

AIS B 3.43 (9.97)

AIS C 9.18 (12.99)

AIS D 16.2 (14.22)

Time to acute hospital; mean hours (SD) 3.29 (4.07)

Surgery n (%) 153 (91)

Time of surgery; mean hours (SD) 36.67 (71.62)

Received rehabilitation n (%) 147 (87.5)

Acute length of stay; mean days (SD) 56.33 (41.1)

Rehabilitation length of stay; mean days (SD) 144.39 (71.79)

AIS, American Spinal Injury Association (ASIA) Impairment Scale; SD, standard deviation;

TMS, total motor score and UEMS, upper-extremity motor score.

highest level of recovery starting at 1 day which continued up to 2

weeks, compared to the other groups. These results demonstrate

that individuals who had their first examination at day 1 had

TABLE 2B AIS conversion between admission and discharge.

Admission
AIS

Discharge AIS (% conversions)

A B C D E

A 48 (59.3) 21 (25.9) 10 (12.3) 2 (2.5) 0

B 2 (5.4) 13 (35.1) 10 (27.0) 12 (32.4) 0

C 0 (0) 3 (5.7) 7 (13.2) 43 (81.1) 0

D 0 (0) 0 (0) 0 (0) 21 (91.3) 2 (8.7)

AIS, American Spinal Injury Association (ASIA) Impairment Scale.

The discharge time for the AIS was mean = 173.34 days, SD = 102.7 days, median =

170.5 days.

more room for improvement than individuals who had their

first examination at day 3 post-injury, and the same pattern was

observed comparing day 3 to day 14. A general formula based on

the regression model is described in the Appendix.

Discussion

To better understand the neurological trajectory following

cervical SCI, we analyzed longitudinal upper-extremity and total

motor score data, stratified by neurological severity and level

of injury, from day one after SCI up to 14 days. Our results

demonstrate that for cervical AIS B, C, and D injuries there is

substantial neurological recovery beginning within the first day

post-injury and continues up to 14 days post-injury for AIS C and

D injuries. Given these changes, clinical studies including subjects

with a SCI graded as an AIS B, C, or D should ensure the baseline

ISNCSCI assessment for the intervention and control cohorts are

completed at the same time post-injury. For cervical AIS A injuries,

our results suggest that following the first neurological exammotor

score does not change significantly in the first 2 weeks post injury.

Using these models, it is possible to quantify the variation in

neurological recovery due to the timing of the examination in the

first 14 days following injury which can inform the analysis of

registry data or design of clinical trials recruiting participants with

a cervical SCI (C1–T1). For example, at one day post injury we can

determine the expected natural recovery (e.g., TMS) at 10-day post

injury using the regression equation in a patient with a cervical AIS

C injury (high and low cervical). The “time” variable is 10 days and

after subtracting the TMS from day one (i.e., the motor score at

injury) it equals 4.4 and represents the amount of TMS recovery

expected at 10 days post injury. A second example includes an

individual with an AIS B (high cervical). The “time” variable is 10

days and based on the equation this equals 1.75, which corresponds

to the amount of motor score recovery for the AIS B high cervical

group at 10 days post injury. Comparing AIS B and C, the effect of

time is evident; the change in TMS is 1.75 for AIS B and 4.4 for AIS

C. Similar results can also be obtained for UEMS from the linear

mixed-effect model.

The literature (see Table 1) reports a large variation in the

timing of what is considered a “baseline” examination time and

spontaneous neurological recovery is a phenomenon that has likely

been underestimated or overlooked previously. Conducting an
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FIGURE 2

(A) Visualization of motor recovery using TMS for the first 14 days after injury for AIS A to D. (B) Visualization of motor recovery using UEMS for the

first 14 days after injury for AIS A to D. AIS, American Spinal Injury Association (ASIA) Impairment Scale; TMS, total motor score; UEMS,

upper-extremity motor score.

ISNCSCI exam immediately following injury can be challenging

given issues with triage, the need to stabilize the patient andmanage

polytrauma and a decreased level of consciousness. However,

when one considers that “recovery” is measured as the amount

of change between an ISNCSCI examination done at a later post-

injury time point vs. the ISNCSCI examination done “at baseline,”

it is surprising that the timing of that baseline examination

and how this might influence the quantification of recovery has

not been well studied. In the literature, the recommendation

was to conduct a neurological exam any time after 72 h post-

injury (28), between 72 h to 1-month post-injury (5, 29) or

anywhere between 2 weeks post-injury as the baseline assessment

(30). Our findings strongly suggest that individuals who have

sustained a SCI (ranging from AIS A to D) should promptly

undergo a neurological examination (31), rather than adhering to

the commonly recommended practice of scheduling it after the

72-h mark. Even for individuals with AIS A injuries, a number

convert to an incomplete injury (AIS B to D) and might have

the potential to have significant improvement in motor score

(UEMS and TMS). Research studies including individuals (AIS

A to D) should have the time of their ISNCSCI neurological

exam recorded and be matched to within the same day to

ensure the recovery potential is equivalent in studies using SCI

registry data as a control or in planning a prospective study

(e.g., randomized control trial or observational study) to account

for spontaneous recovery. Furthermore, studies should consider

using a longitudinal study design rather than a cross-sectional

study design. Although a longitudinal study design presents

challenges due to the increased cost and time for repeated clinical

examinations, it enables a more detailed examination of how the

variable(s) of interest change over time, at both the group and

individual level. This will allow gradual changes in neurological

recovery that may occur in the first few days post injury to

be observed.

Results from this study can also be used to “adjust” for

differences between the control and intervention group based upon
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FIGURE 3

(A) Individual trajectory and mean change of total motor score recovery for the first 14 days after injury (Panel 1 AIS A; Panel 2 AIS B, C, D). (B)

Individual trajectory and mean change of upper-extremity motor score recovery for the first 14 days after injury (Panel 1 AIS A; Panel 2 AIS B, C, D).

AIS, American Spinal Injury Association (ASIA) Impairment Scale; TMS, total motor score; UEMS, upper-extremity motor score.

the timing of neurological exams. The regression equations enable

the amount of neurological improvement each day post injury to be

quantified and so two groups can bematched (e.g., artificiallymatch

the intervention group and control group for time of neurological

exam). However, further research is needed to validate our results

in other countries with SCI registries before these adjustment

estimates should be used in future research.

Our previous findings (15) suggested that participants in

observational studies should be stratified by neurological severity

and level of injury given the heterogeneity of SCI. In this current

study where we measured the first 14 days post injury, we were not

able to show a difference between upper and lower cervical injuries.

However, the effect of level of injury should be explored in studies

with larger sample sizes since 43% of our sample has an AIS A

injury and this study may be under powered to show a difference

between upper and lower cervical injuries. Failure to stratify and/or

use an appropriate control group can lead to incorrect conclusions

regarding efficacy of a treatment, especially if there are small cohort

sizes. Stratification can improve the study efficiency by decreasing

the variance and increasing statistical power and so it is suggested

individuals are stratified for neurological severity and level of

injury. Based on these results, it is also important to record the time

of the baseline neurological examination and ensure that control

and intervention groups are matched on this variable.

Although this study provides new information on the

neurological recovery patterns for cervical SCI, it is important to

consider the limitations. Our study examined neurological data

reported in days, however, future research should include more

precise times reported within hours of injury (e.g., 0–4 h, 4–8 h

etc.) and determine if these changes are clinically significant. In

this study, AIS conversion was only measured at baseline and at

the final neurological exam. As a result, we cannot comment on

the timing of the neurological exam as it relates to AIS conversion.

Future studies including biomarker and imaging data will provide
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TABLE 3A Linear mixed e�ects model for total motor score (TMS) as the

outcome.

Characteristics Entire cohort

Estimate (95% CI) p-value

Time, day 0.04 (0.00 to 0.07) 0.04

Time2 , day 0.00002 (0.00 to 0.00) 0.68

Baseline AIS

A Ref —

B 5.32 (0.06 to 10.58) 0.05

C 15.74 (10.93 to 20.55) <0.001

D 64.19 (57.12 to 71.26) <0.001

Baseline level of injury

Upper cervical Ref —

Lower cervical 9.60 (5.65 to 13.55) <0.001

Baseline AIS ∗ time, day

A Ref —

B 0.15 (0.07 to 0.22) <0.001

C 0.42 (0.35 to 0.48) <0.001

D 0.69 (0.52 to 0.87) <0.001

Baseline AIS ∗ time2 , day

A Ref —

B −0.0002 (0.00 to 0.00) 0.17

C −0.0009 (0.00 to 0.00) <0.001

D −0.0067 (−0.01 to 0.00) <0.001

more precise information on changes in neurological recovery and

factors such as age, concurrent injuries, infections, and surgical

management that can influence recovery should be considered.

In addition, this study focused on cervical injuries and future

studies should conduct longitudinal studies in individuals with

thoracic and thoracolumbar injuries. Data used in this study is

comparable to previous, similar studies examining neurological

recovery (8) in participants with cervical SCI, although the number

of conversions of AIS A injuries in our cohort is slightly higher (15).

This may be due to “spinal shock” which may affect the reliability

of neurological examinations at very early timepoints post injury.

It is recognized that the concept of “spinal shock” complicates

the early assessment of acute SCI patients and can make it quite

difficult to discern the true extent of the neurological impairment.

This issue is inherently problematic in the clinical evaluation of

neuroprotective treatments which must be delivered as soon as

possible after injury and therefore do not afford investigators the

luxury of just waiting until spinal shock resolves and a reliable

neurological examination can be conducted. Our findings highlight

the dynamic nature of the injury in the first 14 days, and emphasizes

the need to account for the timing of baseline neurological

assessment in the interpretation of neurological recovery related

to early interventions. Further research into the trajectory of

sensory and autonomic scores should also be considered as it

is important for neurological and functional recovery as well as

TABLE 3B Linear mixed e�ects model for upper-extremity motor score

(UEMS) as the outcome.

Characteristics Entire cohort

Estimate (95% CI) p-value

Time, day 0.0647 (0.04–0.09) <0.001

Time2 , day −0.0003 (0.00–0.00) 0.02

Time3 , day 0.000001 (0.00–0.00) 0.04

Baseline AIS

A Ref —

B 4.50 (0.66–8.34) 0.02

C 3.61 (0.10–7.11) 0.05

D 21.56 (16.43–26.68) <0.001

Baseline level of injury

Upper cervical Ref —

Lower cervical 12.22 (9.37–15.07) <0.001

Baseline AIS ∗ time, day

A Ref —

B 0.04 (0.01–0.07) 0.02

C 0.10 (0.07–0.13) <0.001

D 0.21 (0.15–0.26) <0.001

AIS, American Spinal Injury Association (AIS) Impairment Scale.

further classifying the severity of the spinal fracture using the AO

Spine Classification (32).

In summary, we analyzed the trajectories of motor score

improvement when multiple examinations were conducted and

observed that trajectories are different in the first 2 weeks following

a SCI among AIS A, B, C, and D injuries. We demonstrated the

need for comparable baseline neurological assessment times within

study groups to prevent biasing the interpretation of neurological

recovery. These results can help improve the design of future

clinical SCI studies by increasing the efficiency, robustness and

statistical power (7, 33–35). Future studies should validate these

estimates of neurological recovery for the first 14 days in AIS B to D

injuries to see if they can serve as an “adjustment factor” to control

for any bias due to differences in the timing of the exams.

Data availability statement

The data analyzed in this study is subject to the following

licenses/restrictions: access to deidentified data used for this

study is available via the RHSCIR Data Use and Disclosure

Policy which is administered by the Praxis Spinal Cord

Institute. Requests to access these datasets should be directed

to dataservices@praxisinstitute.org.

Ethics statement

The studies involving humans were approved by Vancouver

Coastal Health Research Institute and the University of British

Columbia Clinical Research Ethics Board. The studies were

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2023.1278826
mailto:dataservices@praxisinstitute.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Fallah et al. 10.3389/fneur.2023.1278826

conducted in accordance with the local legislation and institutional

requirements. Written informed consent was not required from the

participants or the participants/next of kin in accordance with local

legislation and our institutional requirements.

Author contributions

NF: Conceptualization, Formal analysis, Writing—original

draft. VN: Conceptualization, Writing—original draft, Funding

acquisition. ZW: Writing—review & editing. RC-M: Writing—

review & editing. CD: Writing—review & editing. CC: Writing—

review & editing. TA: Writing—review & editing. ND: Writing—

review & editing. SP: Writing—review & editing. JS: Writing—

review & editing. CF: Conceptualization, Writing—review &

editing. MD: Conceptualization, Writing—review & editing.

BK: Conceptualization, Writing—original draft.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. The Rick

Hansen Spinal Cord Injury Registry and this work are supported

by funding from the Praxis Spinal Cord Institute, Health Canada,

Western Economic Diversification Canada and Government of BC.

BK is the Canada Research Chair in Spinal Cord Injury and holds

the Dvorak Chair in Spine Trauma.

Acknowledgments

The authors thank Branden Keeler, Sophia Park, and the

Vancouver Spine Research Program at Vancouver General Hospital

for their help with data collection, as well as Anne Harris, Jerome

Buenaventura, and Jessica Eapen for their help with data cleaning

and Candice Cheung for formatting the manuscript.

Conflict of interest

NF, VN, ZW, and CC are employees of the Praxis Spinal Cord

Institute.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no impact

on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Kirshblum SC, Burns SP, Biering-Sorensen F, DonovanW, 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. doi: 10.1179/204577211X13207446293695

2. Walden K, Bélanger LM, Biering-Sørensen F, Burns SP, Echeverria E, Kirshblum
S, et al. Development and validation of a computerized algorithm for International
Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI). Spinal
Cord. (2016) 54:197–203. doi: 10.1038/sc.2015.137

3. Rupp R, Biering-Sørensen F, Burns SP, Graves DE, Guest J, Jones L, et al.
International Standards for Neurological Classification of Spinal Cord Injury: revised
2019. Top Spinal Cord Inj Rehabil. (2021) 27:1–22. doi: 10.46292/sci2702-1

4. Maynard FM, Reynolds GG, Fountain S, Wilmot C, Hamilton R.
Neurological prognosis after traumatic quadriplegia. Three-year experience of
California regional spinal cord injury care system. J Neurosurg. (1979) 50:611–6.
doi: 10.3171/jns.1979.50.5.0611

5. Marino RJ, Ditunno JF, Donovan WH, Maynard F. Neurologic recovery after
traumatic spinal cord injury: data from the Model Spinal Cord Injury Systems. Arch
Phys Med Rehabil. (1999) 80:1391–6. doi: 10.1016/S0003-9993(99)90249-6

6. Burns AS, Lee BS, Ditunno JF, Tessler A. Patient selection for clinical trials:
the reliability of the early spinal cord injury examination. J Neurotrauma. (2003)
20:477–82. doi: 10.1089/089771503765355540

7. 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.
doi: 10.1038/sj.sc.3102007

8. Curt A, Van Hedel HJ, Klaus D, Dietz V, EM-SCI Study Group. Recovery from
a spinal cord injury: significance of compensation, neural plasticity, and repair. J
Neurotrauma. (2008) 25:677–85. doi: 10.1089/neu.2007.0468

9. Van Middendorp JJ, Hosman AJF, Pouw MH, EM-SCI Study Group, Van
De Meent H. ASIA impairment scale conversion in traumatic SCI: is it related
with the ability to walk? A descriptive comparison with functional ambulation
outcome measures in 273 patients. Spinal Cord. (2009) 47:555–60. doi: 10.1038/sc.20
08.162

10. Marino RJ, Burns S, Graves DE, Leiby BE, Kirshblum S, Lammertse DP. Upper-
and lower-extremity motor recovery after traumatic cervical spinal cord injury: an
update from the national spinal cord injury database. Arch Phys Med Rehabil. (2011)
92:369–75. doi: 10.1016/j.apmr.2010.09.027

11. Steeves JD, Kramer JK, Fawcett JW, Cragg J, Lammertse DP, Blight AR, et al.
Extent of spontaneous motor recovery after traumatic cervical sensorimotor complete
spinal cord injury. Spinal Cord. (2011) 49:257–65. doi: 10.1038/sc.2010.99

12. Kirshblum SC, Botticello AL, Dyson-Hudson TA, Byrne R, Marino RJ,
Lammertse DP. Patterns of sacral sparing components on neurologic recovery in newly
injured persons with traumatic spinal cord injury. Arch Phys Med Rehabil. (2016)
97:1647–55. doi: 10.1016/j.apmr.2016.02.012

13. Evaniew N, Sharifi B, Waheed Z, Fallah N, Ailon T, Dea N, et al. The
influence of neurological examination timing within hours after acute traumatic
spinal cord injuries: an observational study. Spinal Cord. (2020) 58:247–54.
doi: 10.1038/s41393-019-0359-0

14. Balbinot G, Li G, Kalsi-Ryan S, Abel R,Maier D, Kalke YB, et al. Segmental motor
recovery after cervical spinal cord injury relates to density and integrity of corticospinal
tract projections. Nat Commun. (2023) 14:723. doi: 10.1038/s41467-023-36390-7

15. Dvorak MF, Noonan VK, Fallah N, Fisher CG, Rivers CS, Ahn H, et al.
Minimizing errors in acute traumatic spinal cord injury trials by acknowledging
the heterogeneity of spinal cord anatomy and injury severity: an observational
Canadian cohort analysis. J Neurotrauma. (2014) 31:1540–7. doi: 10.1089/neu.2013.
3278

16. Chafetz RS, Vogel LC, Betz RR, Gaughan JP, Mulcahey MJ. International
Standards for Neurological Classification of Spinal Cord Injury: training
effect on accurate classification. J Spinal Cord Med. (2008) 31:538–42.
doi: 10.1080/10790268.2008.11753649

17. Franz S, Heutehaus L, Weinand S, Weidner N, Rupp R, Schuld C. Theoretical
and practical training improves knowledge of the examination guidelines of the
International Standards for Neurological Classification of Spinal Cord Injury. Spinal
Cord. (2022) 60:1–10. doi: 10.1038/s41393-020-00578-1

18. Buri M, Tanadini LG, Hothorn T, Curt A. Unbiased recursive partitioning
enables robust and reliable outcome prediction in acute spinal cord injury. J
Neurotrauma. (2022) 39:266–76. doi: 10.1089/neu.2020.7407

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2023.1278826
https://doi.org/10.1179/204577211X13207446293695
https://doi.org/10.1038/sc.2015.137
https://doi.org/10.46292/sci2702-1
https://doi.org/10.3171/jns.1979.50.5.0611
https://doi.org/10.1016/S0003-9993(99)90249-6
https://doi.org/10.1089/089771503765355540
https://doi.org/10.1038/sj.sc.3102007
https://doi.org/10.1089/neu.2007.0468
https://doi.org/10.1038/sc.2008.162
https://doi.org/10.1016/j.apmr.2010.09.027
https://doi.org/10.1038/sc.2010.99
https://doi.org/10.1016/j.apmr.2016.02.012
https://doi.org/10.1038/s41393-019-0359-0
https://doi.org/10.1038/s41467-023-36390-7
https://doi.org/10.1089/neu.2013.3278
https://doi.org/10.1080/10790268.2008.11753649
https://doi.org/10.1038/s41393-020-00578-1
https://doi.org/10.1089/neu.2020.7407
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Fallah et al. 10.3389/fneur.2023.1278826

19. Kalsi-Ryan S, Beaton D, Curt A, Popovic MR, Verrier MC, Fehlings
MG. Outcome of the upper limb in cervical spinal cord injury: profiles of
recovery and insights for clinical studies. J Spinal Cord Med. (2014) 37:503–10.
doi: 10.1179/2045772314Y.0000000252

20. Munakomi S, Bhattarai B, Cherian I. Prospective observational research on the
clinical profile and outcome analysis among a cohort of patients sustaining traumatic
cervical spine and cord injury in a peripheral tertiary spine care centre in Nepal.
F1000Res. (2017) 6:1957. doi: 10.12688/f1000research.12911.1

21. Srinivas BH, Rajesh A, Purohit AK. Factors affecting outcome of acute
cervical spine injury: a prospective study. Asian J Neurosurg. (2017) 12:416–23.
doi: 10.4103/1793-5482.180942

22. Noonan VK, Kwon BK, Soril L, Fehlings MG, Hurlbert RJ, Townson A, et al. The
Rick Hansen Spinal Cord Injury Registry (RHSCIR): a national patient-registry. Spinal
Cord. (2012) 50:22–7. doi: 10.1038/sc.2011.109

23. Biering-Sørensen F, DeVivo MJ, Charlifue S, Chen Y, New PW, Noonan
V. et al. International Spinal Cord Injury Core Data Set (version 2.0)—including
standardization of reporting. Spinal Cord. (2017) 55:759–64. doi: 10.1038/sc.
2017.59

24. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying
prognostic comorbidity in longitudinal studies: development and validation. J Chronic
Dis. (1987) 40:373–83. doi: 10.1016/0021-9681(87)90171-8

25. Elixhauser A, Steiner C, Harris DR, Coffey RM. Comorbidity
measures for use with administrative data. Med Care. (1998) 36:8–27.
doi: 10.1097/00005650-199801000-00004

26. Baker SP, O’Neill B, Haddon W, Long WB. The Injury Severity Score:
a method for describing patients with multiple injuries and evaluating
emergency care. J Trauma. (1974) 14:187–96. doi: 10.1097/00005373-197403000-
00001

27. Waring WP, Biering-Sorensen F, Burns S, Donovan W, Graves D, Jha A,
et al. 2009 review and revisions of the International Standards for the Neurological

Classification of Spinal Cord Injury. J Spinal Cord Med. (2010) 33:346–52.
doi: 10.1080/10790268.2010.11689712

28. Herbison GJ, Zerby SA, Cohen ME, Marino RJ, Ditunno JFJ. Motor power
differences within the first two weeks post-SCI in cervical spinal cord-injured
quadriplegic subjects. J Neurotrauma. (1992) 9:373–80. doi: 10.1089/neu.1992.9.373

29. Blaustein DM, Zafonte R, Thomas D, Herbison GJ, Ditunno JF.
Predicting recovery of motor complete quadriplegic patients. 24 hour v
72 hour motor index scores. Am J Phys Med Rehabil. (1993) 72:306–11.
doi: 10.1097/00002060-199310000-00010

30. Zariffa J, Kramer JLK, Fawcett JW, Lammertse DP, Blight AR, Guest J, et al.
Characterization of neurological recovery following traumatic sensorimotor complete
thoracic spinal cord injury. Spinal Cord. (2011) 49:463–71. doi: 10.1038/sc.2010.140

31. Kirshblum S, Snider B, Eren F, Guest J. Characterizing natural recovery
after traumatic spinal cord injury. J Neurotrauma. (2021) 38:1267–84.
doi: 10.1089/neu.2020.7473

32. Tee JW, Rivers CS, Fallah N, Noonan VK, Kwon BK, Fisher CG, et al. Decision
tree analysis to better control treatment effects in spinal cord injury clinical research. J
Neurosurg Spine. (2019) 31:1–9. doi: 10.3171/2019.3.SPINE18993

33. 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.
doi: 10.1038/sj.sc.3102010

34. Steeves JD, Lammertse D, Curt A, Fawcett JW, Tuszynski MH, Ditunno JF, et al.
Guidelines for the conduct of clinical trials for spinal cord injury (SCI) as developed
by the ICCP panel: clinical trial outcome measures. Spinal Cord. (2007) 45:206–21.
doi: 10.1038/sj.sc.3102008

35. Tuszynski MH, Steeves JD, Fawcett JW, Lammertse D, Kalichman 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. doi: 10.1038/sj.sc.3102009

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2023.1278826
https://doi.org/10.1179/2045772314Y.0000000252
https://doi.org/10.12688/f1000research.12911.1
https://doi.org/10.4103/1793-5482.180942
https://doi.org/10.1038/sc.2011.109
https://doi.org/10.1038/sc.2017.59
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1097/00005650-199801000-00004
https://doi.org/10.1097/00005373-197403000-00001
https://doi.org/10.1080/10790268.2010.11689712
https://doi.org/10.1089/neu.1992.9.373
https://doi.org/10.1097/00002060-199310000-00010
https://doi.org/10.1038/sc.2010.140
https://doi.org/10.1089/neu.2020.7473
https://doi.org/10.3171/2019.3.SPINE18993
https://doi.org/10.1038/sj.sc.3102010
https://doi.org/10.1038/sj.sc.3102008
https://doi.org/10.1038/sj.sc.3102009
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Fallah et al. 10.3389/fneur.2023.1278826

Appendix

We used the statistical models from Tables 3A, 3B to construct

the statistical equations for each outcome (TMS and UEMS). The

equation below is for TMS, where the Time variable represents the

neurological exam time andY represents the respectivemotor score

for that time point.

Ymotor score at any given time = Intercept+ β1 ∗ Time+ β2 ∗ Time2

+β3 ∗ AIS (A/B/C/D)+ β4 ∗High cervical/Low cervical

+β5 ∗ Time ∗ AIS (A/B/C/D)+ β6 ∗ Time2 ∗ AIS (A/B/C/D)

For a particular timepoint, such as 10 days post-injury, we

can forecast the expected natural recovery specifically for that day

for each American Spinal Injury Association (ASIA) Impairment

Scale (AIS) grades. In this scenario, the Time variable in our

equation can be assigned the value of 10 days and the β values

used in this equation are derived from the regression model

presented in Table 3A for TMS. The β1 corresponds to the Time

variable, and in our model, it has a value of 0.04. A similar

methodology can be applied to predict upper-extremity motor

score (UEMS) recovery by utilizing the regression coefficients

provided in Table 3B.
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