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Abstract

Objective: The study aimed to explore existing prediction models of functioning in spinal cord injury (SCI).

Study Design and Setting: The databases PubMed, EBSCOhost CINAHL Complete, and IEEE Xplore were searched for relevant
literature. The search strategy included published search filters for prediction model and impact studies, index terms and keywords for
SCI, and relevant outcome measures able to assess functioning as reflected in the International Classification of Functioning, Disability
and Health (ICF). The search was completed in October 2020.

Results: We identified seven prediction model studies reporting twelve prediction models of functioning. The identified prediction
models were mainly envisioned to be used for rehabilitation planning, however, also other possible applications were stated. The method
predominantly used was regression analysis and the investigated predictors covered mainly the ICF components of body functions and
activities and participation, next to characteristics of the health condition and health interventions.

Conclusion: Findings suggest that the development of prediction models of functioning for use in clinical practice remains to be
fully exploited. By providing a comprehensive overview of what has been done, this review informs future research on prediction models
of functioning in SCI and contributes to an efficient use of research evidence. © 2021 The Authors. Published by Elsevier Inc. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction the injury, persons with SCI go through an extensive re-
habilitation process to live independently with the health
condition: from intensive care and inpatient rehabilitation
to outpatient specialized care after returning to the com-
munity. The World Health Organization (WHO) refers to
the lived experience of a health condition as ‘functioning’
[2]. The concept of functioning, as described in WHO’s
International Classification of Functioning, Disability and

Spinal cord injury (SCI) is a chronic health condition
devastatingly affecting a person’s life in a variety of ways.
The structural damage to the spinal cord and the resulting
loss of neurologic functions adversely affects the ability of
a person to perform simple and complex activities and to
participate in community and major life areas [1]. After
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Health (ICF), includes different components — body func-
tions and body structures as well as activities and partici-
pation — which interact with each other and are outcomes
of the interaction between a health condition and environ-
mental and personal contextual factors. Against this back-
ground, the objective of rehabilitation after SCI can be
formulated as the optimization and maintenance of a per-
son’s functioning [3]. In order to achieve this objective,
comprehensive and relevant functioning information is es-
sential to guide rehabilitation planning and management,
individual clinical care and decision making.

Prediction research aims to enhance individual health
and health care practice by investigating and improving
the diagnosis or prognosis of a specific health condition
[4-6]. For the purpose of this review, roughly three types
of prediction research can be distinguished: [4,7] (1) pre-
dictor finding studies, (2) prediction model studies, and (3)
impact studies. Predictor finding studies generally aim to
explore or identify which variables within a set of candi-
date predictors are independently associated with a specific
outcome. Prediction model studies aim to develop and/or
externally validate (with or without updating) a multivari-
able prediction model for use in medical or clinical prac-
tice. Impact studies build on a developed and validated
prediction model and aim to assess the impact of the use
of such a model in a specific context or setting compared
to not using it. Prediction model development, validation
and impact studies correspond with the phases, which pre-
diction models for use in practice usually have to undergo
in their development process [8-11]. The development of
prediction models has gained increasing attention by the
recognition of evidence-based health care and the uptake
of new statistical methods in the health sciences and clin-
ical epidemiology.

In rehabilitation research, the role of functioning as
key health indicator complementing mortality and morbid-
ity [12] poses the question of how prediction research,
and specifically prediction models, can improve the use
of functioning information for practice. In SCI literature,
various efforts have been undertaken to develop and/or val-
idate prediction models for outcomes related to specific as-
pects of functioning, such as ambulation, [13-20] or blad-
der and bowel outcomes [21-23]. Predictor finding stud-
ies for several functioning outcomes have already been re-
viewed and synthesized [24-27]. What remains to be in-
vestigated is how functioning, as a multidimensional con-
cept is reflected in current prediction models across the
corresponding development phases depicted by develop-
ment, validation and impact studies in the field of SCI
rehabilitation. Therefore, the objective of this scoping re-
view is to explore existing prediction models of function-
ing in SCI. Specifically, the review aims to (1) identify
prediction models of functioning in SCI, (2) examine their
content by using the ICF as a reference language, (3) ex-
amine their use from a systems perspective, and (4) doc-
ument which methods were used to develop them. The

scoping review will shed light on current research gaps as
well as on promising directions for future developments
and improvements of prediction models of functioning for
SCL

What is new?

Key findings

* Identification of seven prediction model studies re-
porting twelve prediction models of functioning in
SCI; no impact study was identified.

What this adds to what is known?

* The development of prediction models of function-
ing in SCI is still in its infancy. This review high-
lights potential future directions in the development
of prediction models in the field of SCI rehabilita-
tion with regards to content, use and methods.

What is the implication, what should change
now?
 Functioning, as outcome of the identified models,
was measured with the FIM™ or the SCIM. The
investigated predictors covered mainly body func-
tions, activities and participation, characteristics of
the health condition or health interventions. The in-
tegration of a broad range of potential predictors in-
cluding imaging, biomarkers, and genetics, as well
as predictors covering body structures and contex-
tual factors remains to be investigated.
* The method predominantly used was linear regres-
sion analysis. The application and usefulness of
other methods such as machine learning techniques
need to be further investigated and its potential
merit compared to current methods.
The identified prediction models were intended to
be used for guidance in rehabilitation planning, pa-
tient counselling, financial aspects related to the re-
duction of costs by guided management strategies,
and improvements in clinical trial designs. To de-
lineate the value of prediction models for the field
of SCI rehabilitation in detail, further research is
needed related to validation and impact assessment
of prediction models.

2. Methods

The scoping review followed the methodological frame-
work of Arksey and O’Malley [28] and incorporate recent
experiences of the application of the framework [29-31] as
well as the guidance for the conduction of systematic scop-
ing reviews developed by Peters et al. [32]. An unpub-
lished review protocol was developed and agreed upon by
all authors prior to conducting the review and is avail-
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able from the authors on request. The reporting followed
the Preferred Reporting Items for Systematic reviews and
Meta-Analyses extension for Scoping Reviews [33] and the
corresponding checklist can be found in the Supplemental
Table 1.

2.1. Searching for relevant literature

The following three databases were searched for rele-
vant literature: PubMed, [34] EBSCOhost CINAHL Com-
plete,[35] and IEEE Xplore [36]. The databases were cho-
sen to cover literature from a broad spectrum of rehabil-
itation research topics including clinical and biomedical
sciences, nursing and allied health, as well as biomechani-
cal and engineering sciences. We did not explicitly search
for grey literature.

The search strategy was defined in an iterative fash-
ion [37] and included the following components: 1) The
Haynes Broad Search Strategy for prediction studies,
[38] which is available on PubMed via the search filters
for "Clinical Queries", 2) an update to the strategy in step
one in the form of the Teljeur/Murphy Inclusion Filter in-
troduced by Keogh ef al. [39] and adapted by the authors
of this study, 3) index terms and keywords for SCI, and 4)
relevant outcome measures able to assess the lived experi-
ence of health in persons with SCI as operationalized by
functioning. The latter were identified by the development
of an initial list based on literature [40-50] and feedback
by scholars in the field about the most important measures
to consider, given the scope of this study. Included lan-
guages were German and English, no limits were chosen
with regards to the publication date. The search strategy
was developed using PubMed and afterwards translated
and adapted to the particularities of the identified other
databases. The full search strategy for all databases can
be found in the Supplemental Table 2. The search was
completed on October 12th 2020.

2.2. Study selection

Eligibility was formulated according to in- and exclu-
sion criteria for title/abstract and full-text screening sepa-
rately (see Table 1). Underlying the eligibility criteria are
the different types of prediction research explained in the
introduction. Prediction models are thereby understood as
“tools that combine multiple predictors by assigning rela-
tive weights to each predictor to obtain a risk or probabil-
ity’” [5]. Other notions include (clinical) prediction rules,
probability assessments, decision rules or risk scores. In
accordance with the objective of this review, only models
were included that predicted functioning: Outcome vari-
ables included in the studies had to reflect different do-
mains of functioning (classified as chapters in the ICF), but
at least two chapters of activities and participation. Pub-
lished conference proceedings in the biomechanical and

engineering sciences were considered as original publica-
tions.

After database searching and removing of duplicates,
[51] we followed the approach applied by Maritz et al.
[52,53] for screening of titles and abstracts. A random sam-
ple incorporating 50 articles of the records were screened
independently by two reviewers (JH, BP) in light of the el-
igibility criteria to determine whether an article is relevant.
If the agreement in decisions for article in- or exclusion of
the reviewers was acceptable (>90%), one reviewer con-
tinued to screen the remaining articles (JH). Otherwise, a
new random sample of the same size was screened inde-
pendently by the two reviewers. Disagreement was solved
by discussions and the procedure was repeated until an
acceptable agreement was reached.

Before starting the full-text screening, the eligibility
criteria were revisited and further detailed by the study
team. Subsequently, full-texts were screened by one re-
viewer (JH) and in the case of ambiguity, discussed with
a second reviewer (BP). After full-text screening, an addi-
tional hand search was conducted. The database findings,
screening and references were organized with EndNote
[54].

2.3. Data extraction and results charting

The extraction fields presented by Peters et al. [32] were
entered into a Microsoft Excel sheet and complemented by
elements of the checklists for Critical Appraisal and Data
Extraction for Systematic Reviews of Prediction Modelling
Studies (CHARMS) [55] and Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) [5] in order to document the identi-
fied prediction models of functioning in SCI (see Supple-
mental Table 3).

To examine the content of identified prediction mod-
els, the established linking method developed by Cieza
et al. [56] was applied. This method allows to link the
content of outcomes or predictors included in the respec-
tive prediction models to the ICF as a reference model,
and thus enables the comparison of outcomes and pre-
dictors contained in different prediction models. The link-
ing process entails the linking at the conceptual and the
classification level. For the purpose of this review, out-
comes and predictors reported in the identified studies
were extracted and linked if possible at chapter-level of the
ICF. The ICF Research Branch (https://www.icf-research-
branch.org) was contacted to request existing linking re-
sults of specific outcomes and predictors. To examine the
envisioned use and implications of the identified prediction
models, micro (patient-provider interaction), meso (service
provision and payment) and macro (policies and programs)
system levels were used as framework of reference. To
document the methods used to develop the identified pre-
diction models, the respective author’s description used
within the article were extracted together with the stated
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Table 1. Eligibility criteria according to title/abstract screening and full-text screening

Inclusion and exclusion criteria for title/abstract screening

Inclusion criteria:

« Primary study
* Prediction model study or impact study

« Study includes at least one variable (predictor and/or outcome) assessed with a measure of the lived experience of health as
operationalised by functioning, which reflects two or more chapters of activities and participation as described in the ICF
« Study population includes males and/or females with SCI (traumatic and/or non-traumatic)

 Publication language is English or German

Exclusion criteria:
« Animal study
« Paediatric study
« Predictor finding study

 Prediction model study or impact study with mixed-diagnosis populations

« Study population includes SCI as a complication
« Study includes mortality as solely outcome

Inclusion and exclusion criteria for full-text screening

Inclusion criteria:
 Study includes measure of functioning as outcome variable

Exclusion criteria:

« Study includes measure of functioning as predictor variable only

« Study includes as outcome variable only single items or subscales of a measure of functioning, which no longer reflect two or

more chapters of activities and participation as described in the ICF

« Study with outcome assessed/evaluated within the acute rehabilitation setting

Abbreviations. ICF, International Classification of Functioning, Disability and Health; SCI, spinal cord injury.

argumentation for its use, as well as stated advantages and
disadvantages.

The data extraction was performed by one reviewer (JH)
and cross-checked by a second reviewer (BP). The results
of the scoping review were arranged in tabular format and
discussed narratively.

3. Results
3.1. Study identification

In total, 2378 articles were retrieved through database
searching and after screening the titles and abstracts of
1851 articles and the full-texts of 234 articles, seven eli-
gible studies were identified for inclusion in the scoping
review [57-63]. The corresponding flow diagram of the
screening process is presented in Figure 1.

3.2. Screening and study selection process

For the title and abstract screening, in total three random
samples were screened independently by the two review-
ers until acceptable agreement was reached. The specific
agreement levels reached for each sample were 78%, 86%,
and 94%, respectively. Main reason for disagreement was
the challenging distinction between predictor finding stud-
ies and prediction model studies. Following the framework
of Kent et al. [7] the distinction should be based on the
study aim. However, often authors did not clearly state
the study aim, which was also reported by authors who

conducted reviews on prediction models previously [4].
If a study aim was not clearly stated or unsure, studies
were nevertheless included for full-text screening if they
described a functioning outcome, or mentioned some form
of model performance or accuracy assessment.

As the eligibility criteria for the full-text screening were
revisited, for prediction model development studies the cri-
teria, that studies need to include an internal validation of
the prediction models to be eligible for this review, was
decided. This decision was based on the recommendation
of the TRIPOD statement for prediction model develop-
ment studies to include some form of internal validation.
In addition, this decision enhanced the consistency in the
distinction between prediction model and predictor finding
studies.

In the hand search we applied the following criteria: 1)
publications based on identified SCI cohorts, trials or re-
search projects (European Multicenter Study about Spinal
Cord Injury, Rick Hansen Spinal Cord Injury Registry,
Spinal Cord Injury Model System, SCIRehab) were specif-
ically searched for in PubMed, and 2) the identified eligi-
ble studies were checked for updates using the ’Cited-by’-
function of PubMed.

3.3. Characteristics of the included studies

The basic characteristics of the seven included predic-
tion model studies are shown in Table 2. Six studies [57-
60,62,63] described model development and included inter-



Table 2. Overview of included prediction model studies.

Study Population Location Data handling Modelling
Authors Sample Mean age Sex (%) Aetiology (%) Level of injury Severity of injury Country, centres Approaches to  Methods Predictor Validation
size (SD) in (%) according to AIS handle selection approach
years grade (%)? missing procedure
observations
Male Female Traum- Non-traum- Para- Tetra- A B C D
atic atic plegia plegia
(T1-S5) (C1-C8)
Ariji et al. 137 60 (16) 80 20 100 0 17 83 36 14 32 18 Japan, complete case linear backward internal,
singe-centre analysis regression stepwise bootstrap
Facchinello 172 49 (18) NA NA 100 0 34b 66°¢ 40 10 15 36 Canada, complete case machine literature internal,
et al. single-centre  analysis learning cross-
validation
Harrington 417 56 +28¢ 66 31 75 NA 40 57 25 11 35 26 UK, median linear significance, internal,
et al. single-centre  imputation, regression, elastic net Cross-
LOCF, NOCB  generalized penaliza- validation
linear tion
regression
Kaminski 76 43 (18) 76 24 100 0 54 46 53 11 9 27 Canada, multiple linear forward internal,
et al. single-centre  imputation regression stepwise bootstrap
analysis
Tomioka 31 59 (19) 87 13 100 0 16 84 19 3 52 26 Japan, no missing logarithmic ~ not external,
et al. single-centre  observations equation applicable extrapolation
reported
Wilson et al. 376 43(17) 78 NA 100 0 NA NA 36 17 15 32 Canada/USA,  multiple linear no selection internal,
multi-centre imputation regression, procedure bootstrap
analysis logistic performed
regression
Zariffaetal. 14 44 (18) 93 7 100 O 0 100 NA NA NA NA Canada/ no missing linear Cross- internal,
Switzerland, observations regression validation Cross-
multi-centre reported validation

Abbreviations. AIS, American Spinal Injury Association Impairment Scale; LOCF, last observation carried forwards; NA, not available; NOCB, next observation carried backwards; SD, standard

deviation; UK, United Kingdom; USA, United States of America.
Note. Estimates and percentages have been rounded to zero decimal places for the purpose of this review.
a |f AIS grade was reported at several time points, the earliest was chosen for this overview;

b Paraplegia: T2-L2;
¢ Tetraplegia: C1-T1;

d Median + interquartile range.
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Figure 1. Flow diagram of the scoping review. Note that the reasons for full-text exclusion are not mutually exclusive. Figure adapted from Moher

et al. 2009 [64].

nal validation approaches either based on cross-validation
or bootstrap procedure, one study [61] described an exter-
nal validation of a prediction model originally developed
in stroke [65] and extrapolated to SCI. Only two studies
included data from multiple institutions [62,63]. The mean
age of the study populations under investigation ranged
from 43 (SD=18) to 60 (SD=16) years and the popula-
tion samples focused on traumatic aetiology and tend to
include predominantly men and persons with tetraplegia.
No impact studies were found.

In total, the seven included articles described 12 pre-
diction models of functioning. Table 3 shows the identi-
fied models, their specific outcomes, investigated predic-
tors and the corresponding linking to the ICF. The func-
tioning outcome variables used in the prediction models
all related to the two instruments Spinal Cord Indepen-
dence Measure (SCIM) and Functional Independence Mea-
sure (FIM™), which both are assessing functional inde-
pendence of a person in daily life, specifically focusing on
self-care, mobility, and bladder and bowel management.
The time scope for prediction ranged up to one year after

injury. Predictors were assessed during early acute phase
and up to one month after injury. Investigated predictor
variables described concepts covered by the ICF compo-
nents body functions, and activities and participation. Pre-
dictors that could not be linked to the ICF mainly described
characteristics of the health condition or health interven-
tions. With regards to their intended or envisioned use, all
prediction models were assigned to the micro system level
(e.g. guidance in rehabilitation planning, goal setting and
patient care) [57-63] and some also to the meso system
level (e.g. determination of appropriate length of stay, di-
minishing costs by guided management strategies) [60,61].
Some studies explicitly stated in addition a potential appli-
cation for research purposes (e.g. improving clinical trial
designs) [62,63] and for patient counselling (e.g. informing
patients and relatives about expectations and relieving from
psychological uncertainty) [58-60,62]. The reported statis-
tical methods for the development of the prediction mod-
els were mostly regression analyses (linear and logistic),
one study reported the use of machine learning methods,
specifically regression tree analysis [58].
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Table 3. Overview of outcome and predictor variables of included prediction model studies
Study Final model(s) Linking to ICF components
Authors No. Variable specification b s d e pf nc/nd
Outcome /Predictors Prediction time frame Included in final model?
Measurement time
point
1 2 3 4
Ariji et al. 1 SCIM I, total score 6 months after injury X - - - X X
Age at injury NA X nd
ASIA key motor 1 month after injury X X
muscle items®
ASIA key sensory 1 month after injury X
point itemsP
SCIM 11 items® 1 month after injury X X
WISCI |1 1 month after injury X X
Facchinello 2 SCIM I, total score 6/12 MT after injury X - - X X
et al.
Age at injury Acute care X X nd
hospitalization
ASIA impairment Acute care X X X nc_hc
scale hospitalization
Delay from the Acute care X nc_ICHI
injury to surgery hospitalization
Early spasticity Acute care X X
hospitalization
Energy associated Acute care X X nc_hc
with injury hospitalization
ISS Acute care X nc_hc
hospitalization
Mechanism of injury  Acute care X nc_hc
hospitalization
Neurological level of  Acute care X X nc_hc
the injury hospitalization
Pneumonia Acute care X nc_hc
hospitalization
Pressure ulcers Acute care X nc_hc
hospitalization
Urinary tract Acute care X nc_hc
infection hospitalization
Harrington 44,1 SCIM Ill, total score Discharge X X X X
et al.
SCIM Ill, total score 12 months after injury X X X X
Age at injury NA X X nd
ASIA impairment Rehabilitation X X nc_hc
scale, grade B admission
ASIA impairment Rehabilitation X nc_hc
scale, grade C admission
ASIA impairment Rehabilitation X X nc_hc
scale, grade D admission
ASIA light touch Rehabilitation X
score admission
ASIA motor score Rehabilitation X X X X X
admission
ASIA pin prick score  Rehabilitation X X X
admission

(continued on next page)
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Table 3 (continued)
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Study Final model(s) Linking to ICF components
Authors No. Variable specification b s d e pf nc/nd
Outcome /Predictors Prediction time frame Included in final model?
Measurement time
point
2 3 4
Alanine Time of blood test® X X
transaminase
Albumin Time of blood test X X
Alkaline Time of blood test X X
phosphatase
C-reactive protein Time of blood test X
Creatinine Time of blood test X X X
Drinking status NA X X
Fracture NA X nc_hc
Gamma glutamyl Time of blood test X X
transferase
Hematocrit Time of blood test X
Hemoglobin Time of blood test X
Lumbar injury NA nc_hc
Mean cell Time of blood test X
hemoglobin
Mean cell volume Time of blood test X X X
Monocytes Time of blood test X X
Neurological level of ~ NA X nc_hc
injury, traumatic
Platelets Time of blood test X X
Potassium Time of blood test X
SCIM |11, total score  Rehabilitation X X X X X X
admission
Sex NA X X X nd
Smoker status NA X
known
Smoker status NA X X
unknown
Surgery NA X nc_ICHI
Time to first blood Time of blood test X X nc_ICHI
test
Total bilirubin Time of blood test X
Total protein Time of blood test X X
Type 1 diabetes NA X nc_hc
Type 2 diabetes NA X nc_hc
Urea Time of blood test X X
White blood count Time of blood test X X
Kaminski 1 SCIM Ill, total score 12 months follow-up X - - - X X
et al.
Age Acute phase after nd
injury
ASIA impairment Acute phase after X X nc_hc
scale injury
ASIA light touch Acute phase after X X
score injury
ASIA motor score Acute phase after X X

injury

(continued on next page)
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Table 3 (continued)
Study Final model(s) Linking to ICF components
Authors No. Variable specification b s d e pf nc/nd
Outcome /Predictors Prediction time frame Included in final model?
Measurement time
point
1 2 3 4
ASIA pin prick score  Acute phase after X
injury
Comorbidity Acute phase after nc_hc
injury
Delay to surgery Acute phase after nc_ICHI
injury
ISS Acute phase after X nc_hc
injury
Level of injury Acute phase after nc_hc
injury
Sex Acute phase after nd
injury
TBI Acute phase after nc_hc
injury
Type of injury Acute phase after nc_hc
injury
Tomioka 1 SCIM I, total score Day X after injury X - - - X X
et al.
SCIM Il1, total score  First assessment of X X X
at day A SCIM 111 in days
after injury’
SCIM Il1, total score  Third assessment of X X X
at day B SCIM IlI'in days
after injury®
Day A First assessment of X nc_ICHI
SCIM IlII in days
after injury
Day B Third assessment of X nc_ICHI
SCIM IlI' in days
after injury
Day X Assessment of SCIM X X nc_ICHI
days after injury
Wilson et al. 2" FIM™  mator score 6/12 months follow-up X - - X X
Age at injury NA X X nd
ASIA impairment Within 3 days after X X X nc_hc
scale injury
ASIA motor score Within 3 days after X X X
injury
MRI intramedullary Within 3 days after X X nc_hc
signal injury
characteristics
Zariffa 1d SCIM Ill, total score Inpatient rehabilitation X - - - X X
et al.
Hand range of All predictor variables X X

motion, x
direction

were assessed
within two weeks of
the SCIM Il1
assessment (before
or after)

(continued on next page)
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Table 3 (continued)

Study Final model(s) Linking to ICF components

Authors No. Variable specification b S d e pf nc/nd

Outcome /Predictors Prediction time frame Included in final model?
Measurement time
point

Hand range of X
motion, y
direction

Hand range of X X
motion, z
direction

Joint range of X
motion, angle 1

Joint range of X
motion, angle 2

Joint range of X
motion, angle 3

Joint range of X
motion, angle 4

Joint range of X
motion, angle 5

Movement mean X
jerk over task
duration

Movement mean X
velocity over task
duration

Number of changes X
in hand’s
trajectory
direction,
normalized by
task length

Range of grip X X
pressure

Ratio of mean to X
maximum velocity
over task duration

Skewness of grip X X
pressure

Abbreviations. ASIA, American Spinal Injury Association examination according to the International Standards for Neurological Classification
of Spinal Cord Injury; b, body functions; d, activities and participation; e, environmental factors; FIM™ Functional Independence Measure; ICF,
International Classification of Functioning, Disability and Health; ISS, Injury Severity Score; MRI, magnetic resonance imaging; nc, not covered
in the ICF; nc_hc, not covered in the ICF, health condition; nc_ICHI, not covered in the ICF, health intervention (International Classification of
Health Interventions); NA, not available; nd, not defined; pf, personal factors (not classified in the ICF); s, body structures; SCIM III, Spinal
Cord Independence Measure version three; TBI, traumatic brain injury; WISCI |1, Walking Index for Spinal Cord Injury version two.

@ In total, 20 variables were tested, of which 3 entered the final model;

b In total, 112 variables were tested, of which none entered the final model;

In total, 19 variables were tested, of which 1 entered the final model;
Only prediction models of functioning outcomes are reported for the purpose of this review;
Mean time of blood test was 31 days (SD = 30 days) post-injury;

f Mean assessment time of SCIM Il was 69.8 days (SD = 55.6 days) from admission, and mean time between injury and admission was
45.2 days (SD = 60.8);

& Mean assessment time of SCIM |1l was 123.4 days (SD = 58.2 days) from admission, and mean time between injury and admission was
45.2 days (SD = 60.8);

h The two models differ according to the used coding scheme of FIM™ and corresponding regression method (discrete score and linear
regression model vs. dichotomization according to the achievement of a score of at least 6 in all FIM™ motor score items and logistic
regression model);

i The respective models differ according to the used regression method and predictor selection (linear regression and significance criteria
used for models 3 and 4 vs. generalized linear regression and elastic net penalization used for models 1 and 2).

c
d
e
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4. Discussion

We identified seven prediction model studies reporting
twelve prediction models of functioning. No corresponding
impact studies were found. This suggests that the develop-
ment of prediction models of functioning and their use in
practice is not fully exploited. In order to improve predic-
tion models in SCI, it might be helpful to contrast current
models with recent suggestions and examples from other
health conditions.

All functioning outcome variables used in the identi-
fied prediction models related either to SCIM or FIM™,
Predictor variables covered the ICF components body func-
tions (e.g. assessed by the American Spinal Injury Asso-
ciation examination), and activities and participation (e.g.
assessed by SCIM). Other predictors described characteris-
tics of the health condition (e.g. level of injury, complica-
tions) or of health interventions (e.g. delay to surgery).
Only few studies investigated predictors such as blood
measures, [59] magnetic resonance imaging, [62] and sen-
sor data [63]. These findings are in line with Wingber-
miihle et al. [66] and Wartenberg et al., [67] which both
identified gaps in the investigation of a broad range of pos-
sible predictors including biological and physical, as well
as psychosocial measures, and especially in the use of di-
rectly observable predictors such as imaging, biomarkers,
and genetics. In terms of covered ICF components, the in-
tegration of body structures and contextual factors in pre-
diction models remains scarce. Despite the use of the ICF
as a frame of reference in the study and the consistency of
using FIM™ and SCIM as outcomes, the comparability of
the findings with regards to selected predictors is limited
due to the application of different variable coding schemes
such as dichotomized, discrete, or interval scores. More-
over, the comparability of the identified prediction models
is further hampered by the heterogeneity of the study pop-
ulations and settings, as well as by the different time points
of predictor and outcome measurements. Further informa-
tion standards are needed to enhance the interoperability
of functioning outcomes or existing standards, such as the
ICF or the SCI Data Set actually used in research and
practice.

The method most often used in these identified pre-
diction models was linear regression analysis. Only two
identified studies were multi-centre studies and the respec-
tive population samples focused on traumatic aetiology
and tend to include predominantly men and persons with
tetraplegia, which limits the generalizability of the devel-
oped prediction models. Due to the complex and multidi-
mensional nature of functioning in SCI, prediction mod-
els based on new methods such as machine learning tech-
niques are promising and may allow a dynamic and real
time modelling of interactions among a variety of predic-
tors [66]. Beyond the findings of our review, also other
methods are deployed in SCI prediction research, such as
artificial neural network analysis [68] or individual growth

curve models [69]. However, the applicability and useful-
ness of these methods needs to be further investigated [70].
To do so, large data sets, ideally designed specifically for
prediction research, including a broad variety of predictors
and appropriately reflecting the population under study are
needed [66].

The identified prediction models were intended for clini-
cal purposes including guidance in individual rehabilitation
planning, financial aspects related to the reduction of costs
by guided management strategies, patient counselling, as
well as for research purposes including the improvement
of clinical trial designs, which are in line with other pre-
diction research studies in SCI [13,14,22,23,69]. To delin-
eate the value of prediction models for the field of SCI
rehabilitation in detail, validation and impact assessment
of prediction models require further research.

4.1. Limitations

There are some limitations to this review. Firstly, scop-
ing reviews aim to give an overview of existing evidence
on a given topic, regardless of the quality of the reviewed
literature [32]. Since we did not assess the quality of the
included studies, we are not able to make any statement
about the performances, the usefulness or applicability of
the presented prediction models for practice. Secondly, the
search strategy specifically included common instruments
assessing functioning and used in SCI. We do no claim
this list to be complete and it might be the case that pre-
diction model studies were missed because their instru-
ments were not included in our search strategy. Thirdly,
although our search strategy based on published search fil-
ters for prediction model and impact studies, these filters
have been shown to low perform for the search of impact
studies [71]. Furthermore, despite the absence of relevant
impact studies, prediction models of functioning might be
developed and implemented locally and not published in-
ternationally. Fourthly, the eligibility criteria understand
functioning outcomes as variables covering at least two
chapters of the ICF component activities and participa-
tion. Fifthly, the present review only includes prediction
model studies which performed at least some kind of in-
ternal validation. Although internal validation is strongly
recommended in prediction model development, this eligi-
bility criterion lead to the exclusion of studies [69,72,73]
about prediction model development which did not intend
or failed for some reason to perform an internal validation.
Such studies might also include valuable details to inform
the development of prediction models in the future. For
example, they might include information on potentially im-
portant predictor variables to consider in the development
of prediction models of functioning, such as different neu-
rophysiological variables as investigated by Hupp et al
[72]. Sixthly, we considered conference proceedings from
the engineering sciences as original publications. However,
these proceedings were often shorter than ordinary journal
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articles and thus, provided less information for the full-
text screening and the categorization of excluded articles.
Lastly, the authors had primarily expertise in the field of
health sciences and less so in biomechanical and engineer-
ing sciences.

5. Conclusion

This scoping review sheds light on existing prediction
models of functioning in SCI and highlights their content,
use cases, and development methods. Findings suggest that
the development of prediction models of functioning for
use in clinical practice remains to be fully exploited. How-
ever, we believe that SCI with its many different function-
ing aspects concerned and its life-long perspective and re-
quirement for health and social services across the entire
continuum of care is an excellent learning example for the
development of prediction models of functioning. By pro-
viding a comprehensive overview of what has been done,
we hope to inform future research on prediction models
of functioning in SCI, including the development of new
prediction models for specific purposes or the external vali-
dation and improvement of existing ones, and contribute to
an efficient and meaningful synthesis and use of research
evidence.
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