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Abstract
Study design Replication of previously developed prognostic model.
Objectives In motor complete injuries at admission to rehabilitation, perform; (1) replication analyses of the relationships
between ISNCSCI motor level and motor scores and SCIM and (2) novel analyses to determine if age and/or sex moderate
relationship between neurological impairment and function.
Setting Admission to initial inpatient rehabilitation in the United States.
Methods Post-Hoc analyses of data collected as part of a separate study. Replication analyses: (1) Pearson’s correlation
assessed relationship strength between neurologic impairment and function. (2) Multiple linear regression assessed if center
or age influenced functional outcome. Novel analyses: (1) Moderated multiple regression assessed if age and/or sex
moderated the lesion level-function relationship.
Results Of the 406 datasets, 161 were motor complete injuries, and included in the analyses. Median time post injury at
admission to rehabilitation was 19 days. Our replication analyses confirmed the neurologic and functional value of each
spinal segment reported by the EM-SCI group (all p ≤ 0.018). We failed to confirm their reported age effect (p= 0.05) and
non-effect of center (p= 0.037). Our novel analyses indicated that age coded as above/below 50 moderated the relationship
between neurologic impairment and function (p= 0.038) in cervical injuries only, but that age coded as above/below 35
(all p ≥ 0.510) and sex (all p ≥ 0.465) did not.
Conclusions The neurological and functional value of each segment is consistent across very different healthcare settings in
early and late sub-acute stages and minimally impacted by age and sex. Differences related to centers and age may confound
efficacy trials.
Sponsorship The Miami Project to Cure Paralysis; The Craig H. Neilsen Foundation (83492)

Introduction

Clinical trials testing acute neuroprotective and/or neuror-
ecovery therapies for people with spinal cord injury (SCI)
have used components of the International Standards
for Neurological Classification of Spinal Cord Injury
(ISNCSCI) as primary outcomes [1–5]. The ISNCSCI
measures neurologic impairment [6, 7], not functional sta-
tus. Functional status improvements are likely to be
necessary to gain approval from regulatory bodies and
people living with SCI. Therefore, it would be helpful to
better understand the relationship between measures of
neurologic impairment and function.

The ISNCSCI is the international gold standard for
neurologic impairment evaluation. The Spinal Cord Inde-
pendence Measure (SCIM) is an SCI-specific functional
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measure that is valid and sensitive to change [8–11].
Among persons with motor-sensory complete cervical
injuries, ISNCSCI upper extremity motor score is positively
related to SCIM total score and self-care subscale [12]. In a
European study, the value of each cervical segment, based
on regression coefficients, among persons with motor-
complete cervical injuries was calculated to be nine
ISNCSCI upper extremity motor points and four SCIMmot
points [13]. For persons with thoracic injury, the relation-
ship between these assessments was weak to non-existent.
The ISNCSCI does not measure thoracic region motor
impairment.

Defining the value of each segment in the acute and
subacute stages may allow researchers to understand the
relative contributions of spontaneous neurologic recovery
and/or rehabilitation to functional gains measured at
chronic time points. Up to 70% of individuals with cer-
vical motor-complete injuries recover at least one motor
level during the first year post-injury [14], but recovery of
one motor level does not always confer a significant
functional gain [12]. The functional value of each segment
is likely to be different before rehabilitation compared to
after, as SCIM III scores change during this time period
[15]. Since rehabilitation paradigms and durations are
vastly different in Europe and the United States (US), it is
important to understand if the value of each segment is
similar in a US population despite these differences in
rehabilitation.

Neurological and functional recovery may also be
influenced by age at time of injury and sex [16–18]. Two
studies report that age negatively affects both neurologic
and functional recovery [19, 20] whereas another study
indicated that age positively influenced neurologic
recovery, but negatively influenced functional outcome
[21]. Data from the US Spinal Cord Model Systems
database has produced conflicting results regarding sex,
with one study reporting a non-effect of sex on neurolo-
gical impairment or function at rehabilitation admission
and discharge [22], while another reported a sex effect for
function but not neurological impairment [23]. A better
understanding of if and how these factors influence neu-
rological and functional value of each segment will
facilitate more accurate sample size estimates for future
clinical trials.

A large multi-center trial conducted in the US
demonstrated that the SCIM III is a valid and reliable
measure of functional outcome in the acute inpatient
rehabilitation setting [11]. As a result, there is a large
(n= 406), prospective database of ISNCSCI and SCIM III
scores from patients at the time of their initial inpatient
rehabilitation admission. This database allows further
analyses of the relationships between neurological and
functional outcomes and potential effect of age and/or sex.

Using this database generated in the US healthcare sys-
tem, we sought to replicate Van Hedel and Curt’s Eur-
opean work [13] that established values for each spinal
cord segment. Van Hedel and Curt [13] targeted a small
cohort (n= 93) at six months’ post-injury, when initial
inpatient rehabilitation had already been completed or was
still ongoing. Our cohort is larger (n= 161) and consists
of individuals evaluated at their initial admissions to
inpatient rehabilitation.

Our first specific goal was to replicate their analyses of
the relationships between ISNCSCI single motor level and
motor scores and SCIM at admission to rehabilitation. Our
second goal was to perform novel analyses to enhance our
understanding of how age and/or sex may moderate the
relationship between neurological impairment and func-
tional outcome early post-injury.

Methods

No participants were enrolled in this study, which consisted
entirely of a retrospective analysis of a de-identified data-
base of prospectively collected data.

Neurological Impairment

Motor level was determined in accordance with ISNCSCI
standards as the most caudal level with bilateral normal
function. Per van Hedel and Curt [13], we used motor level
to represent lesion level for cervical injuries and sensory
level to represent lesion level for thoracic injuries. Unlike
their cohort, ours included both traumatic and non-traumatic
injuries.

Function

Function was assessed by quantifying level of independence
using the SCIM-III. Dependent variables include the SCIM
total score (SCIM tot); the SCIM motor score (SCIMmot),
defined as the sum of the self-care and mobility domains;
and the SCIM self-care domain score (SCIMsc). The
SCIMtot and SCIMmot were also reported by van Hedel
and Curt [13].

Data Reduction

The database included datasets on 406 individuals. Per van
Hedel and Curt [13], motor incompletes, lumbar lesions,
and sacral lesions were excluded (n= 214, 52.7%). Four
others were excluded due to missing ISNCSCI data. Motor
incompletes were defined in accordance with ISNCSCI
grading standards at the time of initial data collection [6].
After exclusions, n= 161 individuals with motor complete
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(AIS A or B) cervical or thoracic injuries were available for
analysis (Fig. 1).

Replication data analysis

We replicated van Hedel and Curt’s analyses [13] using
their published analytic approach: 1) Influence of lesion
level on function; 2) Influence of center and lesion level
on function; and 3) Influence of age and lesion level on
function. For all analyses, lesion levels were con-
secutively numbered (C1–4 as 4, C5 as 5, C6 as 6, C7 as
7, C8 as 8, T1 as 9, etc… with T12 as 20), with separate
analyses performed for tetraplegia (C1-T1) and paraplegia
(T2-T12).

For the first replication analysis (lesion level only),
Pearson’s correlation assessed the strength of the relation-
ship between 1) lesion level and each SCIM domain (self-
care, respiration & sphincter management, mobility) and 2)
between ISNCSCI motor and SCIMtot, SCIMmot, and
SCIMsc. In addition, separate linear regressions modeled
ISNCSCI total motor score, SCIMtot, SCIMmot, and
SCIMsc from lesion level. We included SCIMsc in these
analyses, although van Hedel and Curt [13] did not.

For the second replication analysis (center and lesion
level), multiple linear regression was used to assess if dif-
ferences existed between centers, with separate models run
for tetraplegia and paraplegia (backward model, probability
for entry= 0.05, probability for removal= 0.10). Van
Hedel and Curt used three center groups. The two high

accrual centers (centers 1 (N= 32) and 3 (N= 26)) were
assigned unique codes while the lower accruing centers
were collapsed as the third center (N= 40 total). The low
accrual centers each enrolled between N= 4 and N= 11
individuals. Following the approach used by van Hedel and
Curt [13], we also created three center groups based on
accrual. We coded centers as high (coded as +1, N ≥ 31),
medium (coded as 0, 11 ≤N ≤ 30), and low accrual (coded
as −1, N < 10) based on total number of participants
enrolled (i.e., including persons excluded from this
analysis).

For the third replication analysis (age and lesion level),
multiple linear regression was used to assess if age at time
of injury additionally influenced functional outcome
(SCIMtot) (backward model, probability for entry= 0.05,
probability for removal= 0.10). Age was input as a con-
tinuous variable.

Novel data analysis

We used moderated multiple regression to determine whe-
ther age or sex moderated the relationship between lesion
level and functional outcome (ISNCSCI motor and SCIM-
tot) and also whether sex further moderated the age mod-
eration effect [24]. Separate regressions were conducted for
each moderator (age, sex, sex × age) and each injury level
(tetraplegia and paraplegia). Lesion level was coded as
described above for replication analysis. Sex was coded as
M= 0 (reference category) and F= 1. Age was first coded
as above (1) or below (0) the median age (35 years) of our
sample. In addition, due to the increasing number of injuries
occurring among persons over age 50 [25–27], we then
coded age as above (1) or below (0) 50 years. A moderation
effect was considered present when the interaction term was
significant (i.e., age × lesion level, sex × lesion level, or
sex × age × lesion level). For all analyses, significance was
set a priori at α= 0.05.

We certify that all applicable institutional and govern-
mental regulations concerning the ethical use of humans
were followed during the course of this research. A copy of
the dataset used for this analysis can be obtained by con-
tacting the corresponding author.

Results

Participants

One hundred sixty-one individuals with motor complete
SCI (76% AIS A) were analyzed (Table 1). Most injuries
were of a traumatic etiology (81%) and slightly fewer than
half were cervical injuries (45%). Participants were eval-
uated at initial admission to inpatient rehabilitation, which

Fig. 1 Flow chart of how the complete dataset was reduced for ana-
lyses. *Criteria matches criteria explicitly stated in van Hedel and Curt
[13]. **Persons with injuries at or above T11 with any lower extremity
motor function and persons with T12 injuries with more than 10 lower
extremity motor points were excluded because that represented partial
motor preservation more than two levels below the level of injury
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occurred a median of 19 days post injury (Interquartile
range= 10–34).

Replication analysis: influence of lesion level on
neurologic and functional outcome

At admission to rehabilitation, lesion level was positively
associated with all SCIM subdomains (all p < 0.00) for the
entire sample and the cervical subset (Table 2). For persons
with thoracic injuries, lesion level was associated only with
respiration and sphincter management (p= 0.037, Table 2).
All significant associations identified by van Hedel and Curt
[13] were present in our analysis. However, our effect sizes
[28] were generally stronger [13].

Among cervical but not thoracic injuries, there was a
positive association between ISNCSCI motor score and
SCIMtot and SCIMmot (Table 2), matching their results.

Both studies indicate a strong relationship between
ISNCSCI motor score and SCIM scores in cervical but not
thoracic injuries [13].

For individuals with cervical injuries, lesion level was a
significant predictor of all functional outcomes, but for
thoracic injuries, lesion level predicted only ISNCSCI
scores (Table 3 and Fig. 2). This matches the results
reported by van Hedel and Curt [13]. Among cervical
injuries, the value of each cervical segment (b1 coefficient)
for ISNCSCI motor score, SCIMtot, SCIMmot, and SCIMsc

was 8.89, 3.87, 2.70, and 1.78 pts, respectively. These
values fall within the 95% CI reported by van Hedel and
Curt [13] (Fig. 3). Among thoracic injuries, the value of
each thoracic segment for ISNCSCI motor score was 0.07
(p= 0.018), with no effect present for SCIMtot, SCIMmot,
and SCIMsc (all p > 0.07). This also matches results
reported by van Hedel and Curt [13].

Replication analysis: Influence of center and lesion
level on neurologic and functional outcomes

For both injury groups, center did not influence ISNCSCI
motor score (Supplemental Table 1), confirming van Hedel
and Curt’s findings [13].

However, for thoracic injuries only, center did influence
function (Supplemental Table 1). At admission to rehabili-
tation, for each thoracic lesion level, SCIMtot scores aver-
aged 5.40 points greater at high accrual versus medium
accrual centers (p= < 0.05, Supplemental Fig. 1). The lack
of a center effect among cervical injuries matches van Hedel
and Curt’s results [13] while the presence of a center effect
among thoracic injuries contradicts their findings.

Replication analysis: influence of age and lesion
level on functional outcome

For both cervical and thoracic injuries, age did not influence
function (Supplemental Table 2). Our results are in contrast
to van Hedel and Curt [13], who found that age significantly
influenced function in both cervical and thoracic injuries,
with function decreasing as age increased.

Table 1 Demographic and clinical characteristics

N Age at injury mean
(SD)

Male (%) Traumatic (%) Cervical (%) AIS A
(%)

AIS B
(%)

Total motor score (pts)
Mean (SD)

All (C1-T12) 161 37 (15) 83 81 45 76 24

Tetraplegia (C1-T1) 72 38 (16) 85 92 – 79 21 18.9 (15.2)

Paraplegia (T2-
T12)

89 35 (14) 81 73 – 73 27 50.1 (0.9)

Traumatic 135* 34 (14) 85 – 50 82 18 34.5 (19.1)

Non-traumatic 22* 48 (16) 64 – 14 41 60 45.8 (12.1)

*Four persons have missing trauma etiology information

Table 2 Replication analysis: Pearson’s correlation between neurological
impairment and function

All Cervical Thoracic

Lesion level

SCIM Self-care (N) 0.759b

(161)
0.797b(73) 0.149c(88)

SCIM Respiration and
Sphincter management (N)

0.450b

(161)
0.354b(73) 0.223a(88)

Mobility (N) 0.593b

(65)
0.710b(35) −0.001d(30)

ISNCSCI
motor

SCIMtot (N) – 0.686b (72) 0.049e (88)

SCIMmot (N) – 0.740b (72) 0.079 f (88)

SCIMsc (N) – 0.805b (72) 0.065 g (88)

ap < 0.05
bp < 0.001
cp= 0.165
dp= 0.996
ep= 0.650
fp= 0.463
gp= 0.547
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Novel analysis: does age moderate the relationship
between lesion level and function?

At admission to rehabilitation, among motor complete cer-
vical and thoracic injuries, the strength of the lesion-
function relationship is not different based on age above or
below 35 years (both age × lesion level β p ≥ 0.510,
Table 4). This means the functional value of each cervical
or thoracic segment is approximately the same for persons
younger or older than 35.

However, when we code the sample as younger or older
than 50, for cervical but not thoracic injuries, the relation-
ship between lesion level and function is stronger for per-
sons age 50 and older compared to persons under 50
(Table 4, age × lesion term). Using the regression coeffi-
cients, the estimated SCIMtot value of each cervical seg-
ment is 3.15 points for persons under age 50 and 4.15 points
for persons age 50 and older.

For all age moderation analyses, the age coefficient was
not statistically significant (Table 4, all age β p ≥ 0.11). This
suggests that for each lesion level, there was no measureable
difference in function between persons younger or older than
the age cutoff (35 or 50). However, there may be a clinically
relevant age effect. For each cervical segment rostral to T1,
the estimated function for persons ≥50 is at least 2.68 points
lower than persons ≤49 (Supplemental Fig. 2, gray shaded
area= 2.68 points). This 2.68 is the 95% CI lower limit for
the estimated SCIMtot value of a cervical segment.

Novel analysis: does sex moderate the relationship
between lesion level and function?

Sex does not moderate the relationship between lesion level
and functional outcome for cervical (sex × lesion level
β=−1.27, p= 0.465) or thoracic injuries (sex × lesion
level β=−0.116, p= 0.965). In addition, there was no
statistically significant difference in function between men
and women for cervical (β= 3.90, p= 0.71) or thoracic
injuries (β=−0.258, p= 0.99).

Novel analysis: is the moderating effect of age
further moderated by sex?

The moderating effect of age on the lesion level-function
relationship is not further moderated by sex. This finding
holds true for both age cut offs and both injury groups. For
the 35 year cutoff, for cervical injuries, sex × age × lesion
level resulted in β= 1.809 and p= 0.872, and for thoracic
injuries, sex × age × lesion level resulted in β= 1.71 and
p= 0.470. For the 50 year cutoff, for cervical injuries,
sex × age × lesion level resulted in β= 0.292 and p= 0.763,
and for thoracic injuries, sex × age × lesion level resulted in
β=−0.188 and p= 0.445.Ta
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Discussion

Using our database, we found similar results as van Hedel
and Curt’s [13] findings regarding the value of each cervical
and thoracic segment and the association between ASIA
motor level and SCIM function. Our finding of similar
results in a very different cohort (19 days versus 6 months
post injury) suggests these relationships and the value of
each segment are robust and can reliably inform clinical
trial design. Our higher correlation coefficients, higher R2,
and smaller confidence intervals compared to van Hedel and
Curt [13] suggest that the relationship between neurological
impairment and function is stronger before rehabilitation
and before compensation strategies are adopted.

Existing literature indicates that at matched levels of
motor impairment/preservation, ‘function’ is lower in older
individuals [19–21]. Van Hedel and Curt’s [13] results
supports this proposition using a cohort that was six
months’ post injury. We cannot confirm their results.

Fig. 2 Scatter plots of the lesion level by ISNCSCI motor score (a), SCIMtot (b), SCIMmot (c), SCIMsc (d). These scatter plots use
our data but replicate plots presented by van Hedel and Curt [13]. Solid lines are generated by using the regression equations presented
in Table 3

Fig. 3 Mean and 95% confidence interval of the mean of the neuro-
logic and functional value of each spinal segment for the current
analyses (light gray) and published analyses (dark gray). For the
current analyses the numerical values are located in Table 3. Only
significant results are plotted
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Our ‘non-finding’ of a statistical age effect could be due to
our cohort’s sub-acute, pre-rehabilitation state. However,
the EM-SCI study group reported age negatively influenced
function at one-month post injury, which we presume was
pre-rehabilitation [21]. The EM-SCI analysis included
motor incomplete injuries, which could explain the diver-
gent results. We concur with their suggestion that the
negative impact of age on function represents an inability of
older individuals to develop compensation strategies [21].

To expand our understanding of age and sex effects, we
assessed whether the value of each segment depended on a
person’s age or sex. Restated, our question was, if subsets of
both groups (age and sex) ‘recover’ the same number of
neurological levels, can we expect these subsets to ‘recover’
the same amount of function? Our results suggest that for
cervical and thoracic injuries, the functional value of each
segment is similar for men and women and for persons
above/below age 35. Each of these groups are estimated to
have a similar degree of functional benefit from each segment
recovered. However, for individuals with motor complete
cervical injures, the estimated functional value of each seg-
ment is greater for people age 50 or older versus those under
age 50. This suggests that “older” persons may be better able
to translate neurological recovery into functional gains. This
directly contrasts with multiple reports [21, 29] that older
adults are less able to [30–33] translate neurological recovery
to functional gains. This conflict may be due to underlying
study sample differences. Although our analysis was based
on motor complete injuries (AIS A and B), presence of a
motor complete injury does not preclude a substantial zone of
partial preservation [34] which could contribute to greater
function or functional gains. Future work on the moderating
effect of age on the lesion-function relationship in motor
complete injuries should address the potential influence of the
zone of partial preservation.

Last, but not least, our replication of van Hedel and Curt’s
analysis of the potential impact of ‘center’ on neurological
and functional outcomes produced mixed results. We con-
firmed their finding that center did not affect neurological
outcome. However, we were unable to confirm that center did
not affect functional outcome. Our results indicate that per-
sons with thoracic injuries admitted to high accrual centers
had greater function than those admitted to medium or low
accrual centers. This could be due to many factors, such as
SCIM administration differences, a practice effect of admin-
istering the SCIM more frequently, or that larger centers may
receive a greater number of higher functioning individuals.

Clinical trial design age, sex, and center
considerations

Half of all Phase II and III drug trials fail due to an inability
to demonstrate efficacy [35]. Some efficacy threats can beTa
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mitigated with thoughtful trial design, but not all threats
warrant equal consideration. We suggest that center and age
effects may pose greater confounding threats than sex for
efficacy trials among motor complete injuries. Sex has been
inconsistently reported as having a negative impact on
functional outcomes [22, 23]. On the other hand, there is
robust evidence that older individuals have poorer functional
outcomes than younger individuals [19–21]. Our results add
to this evidence base by suggesting that the functional value
of each segment is greater for persons over age 50. Collec-
tively, these findings suggest that larger sample sizes may be
needed to establish efficacy in persons aged 50 and older.
Potential center effects have been minimally addressed by
previous recommendations for SCI trials [36, 37]. Some
center effects, such as those attributable to staff competency,
may be mitigated by implementing stringent training proce-
dures and frequently assessing tester reliability. Others, such
as patient selection bias, may require thoughtful selection of
participating sites to achieve the desired composition. Clin-
ical trial designs could be improved if relevant effect sizes for
potential confounders were established.

Limitations

Generalizability, interpretation, and application of our work
must be balanced against its limitations. With regards to
‘center’ effects or non-effects, readers should be aware that
both our and Van Hedel and Curt’s center ‘coding’ was
arbitrary. However, inter-center variance represents real
threats to establishing efficacy [38, 39]. Our dataset inclu-
ded traumatic and non-traumatic injuries. Although all had
motor complete injuries, it is possible that the observed
results could differ if the sub-groups were analyzed sepa-
rately. However, given the parallels with van Hedel and
Curt’s results, any effect is likely negligible. Our sample
was also very early post-injury and it is probable that the
relationships and outcomes will present differently in a
more chronically injured cohort. Finally, when performing
the replication analyses, we noted that some of the regres-
sion models poorly fit the data. Inspection of the residuals
normal probability plots indicated non-normal distributions,
which can result in unstable coefficient estimates. Van
Hedel and Curt did not report model fit information, thus we
cannot know if their regression models fit the data well.

Conclusions

This study provides greater understanding of the neurologic
and functional value of each spinal segment and the influ-
ence of age and sex upon these values at the time of initial
admission to inpatient rehabilitation in the United States.
With respect to the scientific knowledge base, our results

paired with van Hedel and Curt [13] suggest (a) the neu-
rological and functional value of each segment is consistent
across very different healthcare settings and two distinct
time points post injury and (b) that these values are mini-
mally impacted by age and sex. With respect to clinical trial
design, our results suggest (a) differences between study
centers could confound the ability to detect functional
changes in thoracic injuries and (b) the effect of age on the
functional value of each segment could confound the ability
to detect functional changes in cervical injuries.
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