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Abstract

The Graded and Redefined Assessment of Strength, Sensibility and Prehension (GRASSP) is a valid, reliable, and

responsive outcome measure to evaluate upper limb function in individuals with tetraplegia. GRASSP generates ordinal

total scores; therefore, applicability as an interval level measurement requires testing of its measurement properties. This

study examined the metric characteristics with Rasch Analysis to derive interval level scales of the respective GRASSP

subtests. The GRASSP was recorded within 10 days, and at 1, 3, 6, and 12 months after cervical spinal cord injury (SCI).

Rasch analysis was performed for each GRASSP subscale to assess the following metric assumptions: absence of local

item dependency (LID), unidimensionality, monotonicity, item and model fit, reliability, and absence of differential item

functioning (DIF) for side (left and right) and examination stage. If these assumptions could not be met, adjustments were

undertaken to achieve a good fit to the Rasch model. Seventy-seven individuals with cervical SCI were included (n = 154

arms). Stacking the data for the side (left and right) resulted in a total of 614 observations, which were based on the

repeated measurements. With minor adjustments, the GRASSP subscales showed good reliability, item fit, and ordered

response options. Local item dependencies were found in the strength and sensibility subscales. Redundancies among

some measurement items allowed shortening of the subscales without reasonable loss of reliability. Absence of DIF for the

examination stage supported robustness of the subscales over time. The modified GRASSP, now Version 2, subtest scores

can be applied as interval level measurements, and the reduction of items within subscales allows for shorter assessment

times in clinical studies without degrading metric properties.
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Introduction

Individuals with cervical spinal cord injury (SCI) are a het-

erogeneous population1–4 characterized by different levels of

cervical cord lesion (e.g., low vs. high levels of lesion), measures of

neurological deficit (such as motor and sensory scores), as well as

distinct degrees of impairment (e.g., incomplete vs. complete tet-

raplegia). Therefore, it is important that upper limb outcome

measures applied in this population are sensitive to different levels

of functioning in individuals; that is, covering a broad spectrum

from devastating impairment to high levels of functional inde-

pendence.

The Graded and Redefined Assessment of Strength, Sensibility

and Prehension (GRASSP) is a clinical composite measurement

tool assessing upper limb function in distinct domains (e.g., neu-

rological and functional scores) in individuals with cervical SCI.

Application of the GRASSP is increasing for clinical purposes and

as an outcome measurement in research.1,2,5–8

The GRASSP version 1.0, consists of four subtests, including the

domains Strength (GR-str), Sensation (GR-sens), Prehension

Ability (GR-pa), and Prehension Performance (Gr-pp). All do-

mains can be analyzed separately1 or used together. The GRASSP

has been tested to show excellent psychometric properties1,5,8 with

a classical test theory approach.9 Metric analyses of the GRASSP
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are not available to date. The GRASSP takes between 35 and

50 min to administer. Because of the combined assessment of

neurological (strength and sensation) and functional outcomes

(prehension), the GRASSP provides a comprehensive appreciation

of upper limb function. However, the collection of different out-

come measures in daily practice is challenged by time constraints.

Therefore, there is a need to investigate if subtests can be reduced,

to shorten the administration time of the GRASSP without jeo-

pardizing sensitivity and metric properties.

The literature recommends1 using the GRASSP in conjunction

with other standard SCI classification or measurement tools such as

the International Standards of Neurological Classification of Spinal

Cord Injury10 (ISNCSCI) and the Spinal Cord Independence Mea-

sure11 (SCIM). The combination of these outcome tools broadens

insight into the severity and burden of the disease as well as detection

of subtle and clinical meaningful changes in upper limb function and

independence from the very acute phase to 1 year post-injury.

Although all clinical scores so far applied in SCI (GRASSP,

ISNCSCI, and SCIM) have ordered response categories, the ordinal

raw scores, or sum of the items, of these measures are often used as if

they are interval in nature. Sum scores assume that all response units

are interval scaled; however, the equal spacing of the intervals is an

assumption that needs to be tested.12–17 A valid scale for measure-

ment requires its items to be unidimensional and to measure a single

common latent trait.18–20 Applying Rasch analysis21 is one way to

develop a scale that fulfills the requirements for a measurement

scale with good internal construct validity and reliability.

The four available GRASSP subtest sum scores may be of

limited use, and only suitable for nonparametric analysis, if interval

scale properties are not supported by the analysis with the Rasch

model. Further, if the four subscales do not fulfill the assumptions

of the Rasch model, parametric analyses of strength, sensation, and

prehension that change over time could produce misleading results.

Therefore, to gain knowledge about the measurement properties of

GRASSP, the objectives of this study were to examine its metric

characteristics with Rasch analysis, in order to obtain interval level

scales for the GRASSP subtests and to identify the most relevant

items for a reduced assessment of the domains.

Methods

Study population and design

Psychometric study was performed using data from a European
prospective cohort study in individuals with cervical SCI. The data
were prospectively collected between 2009 and 2011 at three SCI-
specific clinics in Germany and two SCI-specific clinics in Swit-
zerland, between 0 and 10 days, at 1 month (range 16–40 days), 3
months (range 70–98 days), 6 months (range 150–186 days) and 12
months (range 300–400 days) after SCI onset.

Inclusion criteria were traumatic or nontraumatic cervical SCI,
with an American Spinal Injury Association (ASIA) Impairment
Scale (AIS) grade A,B,C, or D, defined according to the ISNCS-
CI,10 and age >16 years.

Exclusion criteria were other severe neurological (e.g., traumatic
brain injury) or medical disorders, a diagnosis of dementia, or
psychiatric disorders.

The study protocol and informed consent forms were approved
by the ethics committee at all sites. Written informed consent was
obtained from all participants prior to participation.

Procedure and assessment

GRASSP assessments were performed by occupational thera-
pists with at least 1 year of experience in working with individuals

with SCI. They were trained at an investigators’ workshop and
received a GRASSP instruction manual.

The GRASSP

According to Kalsi-Ryan and colleagues,5 the GRASSP showed
excellent bilateral subtest reliability and moderate to substantial
concurrent validity with other functional scales such as the SCIM,
SCIM Self-Care Subscale (SCIM-SS), and Capabilities of Upper
Extremity Questionnaire (CUE) in individuals with chronic cervi-
cal SCI. Velstra and colleagues1 found that the responsiveness of
GRASSP was excellent (standardized response mean [SRM])
ranged from 0.79 to 1.48 for GR-str; from 0.14 to 0.64 for GR-sens,
and from 0.50 to 1.03 for GR-prehension total (GR-pa and GR-pp)
between all examination time points immediately after SCI onset
up to 1 year post cervical SCI.

The GRASSP, version 1.0 (more details are described else-
where1) includes 25 bilateral items grouped into four subtests:

The GR-str subtest counts 10 items (muscles) in the upper limb
and is assessed with manual muscle testing on both sides. The items
are rated from 0 to 5, with 5 indicating that the muscle has normal
strength. The reliability of Gr-str is supported by Intraclass Cor-
relation Coefficients (ICCs) 0.95–0.98,5 and a correlation coeffi-
cient between 0.59 and 0.76 for the concurrent validity.5

The GR-sens subtest items measure the GRASSP palmar sen-
sation (GR-ps) and GRASSP dorsal sensation (GR-ds) of three
fingers (1: thumb; 2: middle finger; and 3: little finger) of the right
and left hand, respectively. Sensation is assessed with Semmes and
Weinstein monofilament testing. The measures are rated from 0 to
4, where 4 indicates a perfect sensation of the measurement point
(normal sensation). The reliability of Gr-sens is supported by ICCs
0.84–0.95,5 and a correlation coefficient between 0.57 and 0.77 for
the concurrent validity.5

The GR-pa subtest assesses three grasp patterns: cylindrical grasp,
lateral key pinch, and tip to tip pinch. The GR-pa counts three items
that are rated from 0 to 4, with 4 indicating normal voluntary control
of wrist and digits when generating the grasp. The reliability of
GR-pa is supported by ICCs 0.95–0.98.5

The GR-pp subtest assesses six standardized functional tasks:
pouring water from a bottle into a glass, unscrewing lids from jars,
performing a pegboard task, using a key, manipulating coins, and
placing nuts onto screws in both sides. The items are rated from 0 to
5, with 5 indicating that solving the task with the expected grasp has
succeeded.

The reliability of GR-pp is supported by ICCs between 0.93 and
0.96.5 GR-prehension total (GR-pa and GR-pp) also showed good
concurrent validity with correlation coefficients between 0.68 and
0.83.5

Statistical analysis

Earlier studies of the GRASSP do not support statistically sig-
nificant differences between the left and right body sides;1,2,7

therefore, the data were put in a long format aggregating the re-
sponse options for the left and right body side into one variable.
This does not mean that participants must have the same ability on
both sides, but that the scale works similarly for the left and the
right body sides. Also, the items were aggregated over all five
measurement time points (within 10 days, 1 month, 3 months, 6
months, and 12 months post-injury) assuming an equal item diffi-
culty hierarchy for all time points. Item invariance for the laterality
and the time point was tested with a differential item functioning
(DIF) analysis (see next subsection DIF) to assure the robustness of
the scale to these personal and contextual factors.

Metric analysis

The Rasch model is a probabilistic measurement model that
determines if the items and the total score of a scale fulfill the
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essential assumptions for an interval scale. The Rasch model as-
sumes that responses to items on a scale are a function of the
person’s ability (i.e., the individual’s level of functioning), and the
difficulty of an item. Persons can be ordered from least able to most
able based on their ability, which is entirely determined by the
points scored on all the items within a subtest. Similarly, subtest
items can be ordered from the least to the most difficult. In that
sense, the Rasch analysis expects to find a certain pattern in the
data, which reflects the relationship between a person’s ability level
and the item difficulty on the probability of a certain response. The
lower the ability of the person, the more likely it will be that an item
will be considered by that person to be difficult. The residuals can
be derived as the deviation of the observed from the expected re-
sponses under the Rasch model. Patterns within the residual matrix
are indicative of issues within the scale (e.g., local item dependency
[LID], multidimensionality, or DIF) that need to be solved.

Rasch analysis21 was performed using the partial credit model
(PCM) for polytomous ordered response options. The choice for a
one parameter probabilistic model, such as the PCM, instead of a
classical test theory approach, was driven by the interest in gaining
knowledge about the difficulty of the GRASSP items and in ob-
taining person-ability parameter estimates usable in clinical prac-
tice, epidemiology, and research. Also, only one parameter models,
from the family of the Rasch models, have the desirable property of
score sufficiency, which allows deriving person-ability estimates
directly from a person’s total score if the assumptions for mea-
surement are fulfilled. The PCM, contrary to another one parameter
model, named the ‘‘rating scale model,’’ does not expect the re-
sponse thresholds to be equidistant across items of a metric.22

When doing a Rasch analysis, important assumptions are tested
that allow one to determine if an instrument fulfills fundamental
measurement properties: monotonicity of the items’ response op-
tions and their fit (1), absence of LID (2), the metric’s unidimen-
sionality (3), absence of DIF (4), targeting and reliability (5).23 If
the data fit the Rasch model, fulfilling its assumptions, the score can
be expected to be valid for measurement and further parametric
statistical analysis. If these assumptions cannot be met, adjustments
have to be undertaken to achieve good fit to the Rasch model.

Monotonicity and item fit (1)

Thresholds are the equal probability points between response
categories of an item. Item response categories are expected to
show ordered thresholds, where the number assigned to a response
is a representative level for strictly increasing difficulty. In the
presence of disordered thresholds, the response categories are
collapsed until monotonic ordering is achieved.

Furthermore, the items of the scale must show a good fit to the
model. The item fit statistics, the infit and outfit, also known as
weighted and unweighted item mean squares (MnSq)24 allow iden-
tification of the items that do not fit the Rasch model and would thus
compromise the scale’s construct validity. Ideally, good fitting items
should present MnSq values close to 1. As the GRASSP is a clinical
tool, MnSq between 0.5 and 1.7 were considered acceptable.25 Values
not within this range might be measuring a different construct or need
further clarification or revision to fit the Rasch model.

LID (2)

LID indicates response and trait dependencies in the assessment.
LID can be determined by observing the correlation matrix of the
standardized residuals. Positive correlations between item residuals
with r > 0.2 were considered LID. Response dependencies result
when items address similar aspects of the measured trait. LID may
statistically bias the parameter and inflate the reliability estima-
tes.26 Another type of dependency is trait dependency, which is
characterized by negative residual correlations, and suggests mul-
tidimensionality in the metric. Response dependency can be solved

by aggregating the associated items to testlets,27 or by deleting one
of the dependent items.

Unidimensionality (3)

Unidimensionality testing investigates the requirement of a
measure to assess levels of difficulty in only one single latent trait
(such as GR-str or GR-sens) and in several relatively independent
latent constructs. The unidimensionality of the GRASSP was de-
termined with a principal component analysis (PCA) of the resid-
uals. The loading structure should not indicate item residuals
loading strongly on different dimensions. Second eigenvalues <1.4
are expected to support the unidimensionality of the scale.28

DIF (4)

The analysis for DIF determines the invariance of item residuals
for sample characteristics with an analysis of variance (ANOVA).
In this study, the GRASSP items were tested for invariance for the
laterality and measurement time points. Absence of DIF for time
points indicates the robustness of the scale’s hierarchy of item
difficulties over time, and not the stability of the participant’s level
of ability across time. Also, absence of DIF for the laterality as-
sumes that the items’ difficulty hierarchy is similar on both sides,
but not that participants must have the same ability on the left and
the right side. DIF tests the invariance at the population and not at
the individual levels.

F-tests were performed on the item residuals of each respective
subtest; namely, an F-test for measurement time point and laterality,
respectively (Uniform DIF), an F-test for the ability level also called
class-interval DIF, and the interaction of the sample characteristic
and the ability level (non-uniform DIF).29 The F-test significance
level was Bonferroni corrected for repeated measurement (a = 0.05/2
sample characteristics · 3 F-tests · number of items).30

Targeting and reliability (5)

Finally, the targeting of each of the subtests was observed.31 The
targeting determines the difficulty of a subtest for a study popula-
tion by comparing the mean person-ability with the mean item
difficulty. A perfectly well-targeted subtest would have the mean
item difficulty and mean person-ability close to zero. The match
between difficulty of GRASSP subtest items and ability was as-
sessed, and possible floor and ceiling effects were determined.
Commonly, <15% of the participants should have higher ability
than the most difficult GRASSP item in a subtest (ceiling effect).
Conversely, <15% of the participants should have lower ability
than the least difficult GRASSP item in a subtest (floor effect); that
is, have fewer difficulties than the subtest can measure.32 The
analysis for floor and ceiling effects excluded participants with
extreme values, zero, or maximum possible scores, which were also
not included in the item difficulty estimations and were interpolated
when determining the person-abilities.22

The reliability of a subtest was verified using the person sepa-
ration index (PSI) reliability statistic. The interpretation of the PSI
is similar to Cronbach a33; PSI >0.7 is required for group use and
PSI >0.85 is required for individual use.23

Each subtest of GRASSP was analyzed separately with a PCM
analysis. Beyond testing GRASSP’s fitness for measurement, one
aim was to develop and test reduced versions of some of the longer
GRASSP’s subtests. In that sense, an informed selection of items
would be undertaken in order to keep only the most relevant items,
without significant loss of reliability. Items were entered and re-
moved iteratively to analyze the changes and possible improve-
ments in the correlational and dimensional structure as well as the
changes in the item and model fit.23 In that sense, the decision about
which items to keep and which to discard was based on the results
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of the Rasch analysis and, to a large extent, on clinical consider-
ations as well as published findings.1,7

Descriptive analyses were performed with R 3.3.0.34 Rasch
analyses were conducted with the R-package eRm.35

Results

Seventy seven individuals (n = 154 arms) with acute tetraplegia

entered the study. Stacking the data for the side (left and right)

resulted in total of 614 observations, which were based on the

repeated measurements (five time points with dropouts). Detailed

sample characteristics are shown in Table 1.

The GRASSP subtests did not show any DIF for the upper limb

body side and examination stage immediately after onset up to 1

year post-SCI. In general, the subtests of the GRASSP respond well

to the Rasch analysis and support fundamental measurement

properties, being applicable as an interval level scaled outcome

measure of upper limb function at group (PSIs >0.8) and individual

levels (PSI >0.9) in tetraplegia. However, to achieve good fit,

adjustments, such as collapsing of response categories and deletion

of items, were necessary. The fit to the model are shown in Table 2,

and detailed fit statistics for the items of the subtests are shown in

Table 3.

As the aim was also to reduce the administration time of the

GRASSP subtests, Tables 2 and 3 show the most relevant analysis

results of the start model with all items and the best-fitting model with

all items if possible, and, if available, the best-fitting reduced model.

Table 4 shows the collapsing strategy of the ordinal GRASSP

subtest. Table 5 shows the transformation table, which allows

translation of the total scores of the corresponding GRASSP subtest

scale, taking into account the collapsing strategy of the rating scale,

into a user-friendly and unbiased interval-scaled 0–100 score.

Tables S1–S4 show the descriptive statistics of the four GRASSP

subtests for all time points (see online supplementary material at

http://www.liebertpub.com).

The GR-pa subtest was the only subtest that did not require any

adjustment to fit the Rasch model. The PSI of 0.995 indicated high

reliability for individual measurement. The GR-pa subtest pre-

sented good subscale targeting with no floor and ceiling effects, no

Table 1. Demographics and Clinical Characteristics of Participants

Examination stage

Overall 1 2 3 4 5

Sample size
n 77 43 77 72 58 57

Age: Mean (SD)
At admission 50.61 (20.24) 54.03 (20.72) 50.61 (20.24) 50.17 (19.93) 46.40 (19.36) 45.13 (18.67)

Sex (%)
Male 52 (67.5%) 29 (67.4%) 52 (67.5%) 50 (69.4%) 44 (75.9%) 41 (71.9%)

Cause of injury (%)
Traumatic 72 (93.5%) 39 (90.7%) 72 (93.5%) 67 (93.1%) 53 (91.4%) 55 (96.5%)

Center location (%)
Balgrist University Hospital

Zurich (CH)
14 (18.2%) 11 (25.6%) 14 (18.2%) 13 (18.1%) 13 (22.4%) 12 (21.1%)

Swiss Paraplegic Centre Nottwil (CH) 25 (32.5%) 11 (25.6%) 25 (32.5%) 25 (34.7%) 25 (43.1%) 23 (40.4%)
Unfallklinik Murnau (D) 1 (1.3%) 0 (0.0%) 1 (1.3%) 1 (1.4%) 1 (1.7%) 1 (1.8%)
Klinik Hohe Warte Bayreuth (D) 26 (33.8%) 13 (30.2%) 26 (33.8%) 24 (33.3%) 18 (31.0%) 19 (33.3%)
Orthopädische Universitätsklinik

Heidelberg (D)
11 (14.3%) 8 (18.6%) 11 (14.3%) 9 (12.5%) 1 ( 1.7%) 2 ( 3.5%)

CH, Switzerland; D, Germany; Examination stage 1, 0–10 days post-injury; Examination stage 2, 16–40 days post -injury; Examination stage 3, 70–98 days
post-injury; Examination stage 4, 150–186 post-injury; Examination stage 5, 300–400 days post-injury; %, percent; SD, standard deviation.

Table 2. Fit Statistics
a

GRASSP
subtests Stage

Number
of items

Item difficulty Person ability Reliability
Floor
(%)

Ceiling
(%)

LID
Yes/No

DIF
Yes/NoMean SD Mean SD PSI Cronbach a

GR-str Start 10 0.234 1.155 0.427 1.433 0.943 0.948 1.21% 5.37% Yes No
Final reduced 4 0.332 1.296 -0.058 1.647 0.824 0.858 0% 6.70% No No

GR-sens Start 6 0.119 0.86 0.561 1.263 0.909 0.919 3.16% 9.49% Yes No
Final (ds) 3 0.343 1.168 0.535 1.276 0.819 0.835 7.67% 13.77% No No
Final (ps) 3 0.208 0.827 0.431 1.078 0.801 0.832 6.51% 16.67% No No

GR-pp Start 6 0.232 1.802 0.845 1.762 0.956 0.971 0% 0% No No
Final all items 6 0.597 1.942 0.814 2.336 0.956 0.972 0% 0% No No
Final reduced 4 0.664 2.279 0.87 2.322 0.937 0.955 0% 0% No No

GR-pa Start and Final 3 1.643 3.998 1.667 3.828 0.955 0.972 0% 0% No No

aFit statistics include the item and person targeting (without the extremes), the reliability of the models as well as presence of floor or ceiling effects,
local item dependencies (LID), and differential item functioning (DIF) before and after remedies were applied to each of the GRASSP subtests.

GR, GRASSP, Graded and Redefined Asssement of Strength, Sensibility and Prehension; PSI, person separation index; GR-str, GRASSP subtest
strength; GR-sens, GRASSP subtest sensation; ps, palmar sensation; ds, dorsal sensation; GR-pp, GRASSP subtest prehension performance; GR-pa,
GRASSP subtest prehension ability; %, percent; SD, standard deviation.
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LID, unidimensionality, and ordered thresholds with the original

scale response categories. However, the infit and outfit statistics

were <0.5 for the later key pinch item point on a high discrimination

of this item. The GR-pa subtest has only three items, and, therefore,

further reduction to increase efficiency in clinical assessment was

not undertaken.

The GR-str subtest

The analysis with the GR-str subtest items resulted in disordered

response categories for all 10 items and a high number of LID

items. LID’s of the GR-str subscale are shown in Figure 1.

The redundancies in the assessment of the GR-str subscale

supported the decision to reduce the number of items. To achieve

fit, it was necessary to collapse the six response categories (0–5) of

GR-str into four recoded categories (range 0–3) with exception of

M. deltoid, which had to be collapsed into three recoded categories

(range 0–2) to achieve a good fit. More details about the collapsing

strategies are shown in Tables 3 and 5. The eigenvalues of the

subscale supported unidimensionality. The M. biceps and M. del-

toid muscles were the most difficult to align to the scale, showing

infit and outfit values >2.0, meaning low discrimination compared

with the other items. Finally, expert clinical knowledge, results of

Table 4. Collapsing Strategy of the GRASSP Subtests

Number
of items

within subtest

Maximum
recoded

raw score

Original GR-str subscale 10 0 1 2 3 4 5
Rescaled GR-str subscale 4

Delto 0 1 1 1 1 2
Triceps, EDC 0 0 1 1 2 3
FPL 0 1 1 1 2 3

GR-str_red subscale 11
Original GR-sens subscale

(ps and ds)
6 0 1 2 3 4

Rescaled GR-ps subscale 3 9 0 1 1 2 3
Rescaled GR-ds subscale 3 9 0 1 1 2 3
Original GR-pa subscale 3 0 1 2 3 4
Rescaling not necessary 12
Original GR-pp subscale 6 0 1 2 3 4 5
Rescaled GR-pp subscale 6 18 0 0 1 1 2 3
Rescaled GR-pp_red subscale 4 12 0 0 1 1 2 3

GR, Graded and Redefined Assessment of Strength, Sensibility and Prehension (GRASSP); Delto, M. anterior deltoid; Triceps, M. triceps; EDC, M.
extensor digitorum communis; FDP, M. flexor digitorum profundus; GR-str, GRASSP strength; GR-str_red, GRASSP strength reduced; GR-sens,
GRASSP sensation; ps, palmar sensation; ds, dorsal sensation; GR-ps, GRASSP palmar sensation; GR-ds, GRASSP dorsal sensation; GR-pa, GRASSP
prehension ability; GR-pp, GRASSP prehension performance; GR-pp_red, GRASSP prehension performance reduced.

Table 5. Transformation Table
a

Rasch_GR-str_red_100 Rasch_GR-ps_100 Rasch_GR_ds_100 Rasch_GR-pa_100 Rasch_GR-pp_100 Rasch_GR-pp_red_100

Row
score

Rasch
ability

0–100
score

Rasch
ability

0–100
score

Rasch
ability

0–100
score

Rasch
ability

0–100
score

Rasch
ability

0–100
score

Rasch
ability

0–100
score

0 -3.445 0 -2.759 0 -2.423 0 -6.292 0 -4.338 0 -4.408 0
1 -2.353 15 -1.855 14 -1.651 14 -4.369 12 -3.250 11 -3.012 13
2 -1.350 29 -1.015 28 -0.936 28 -2.555 24 -2.257 20 -1.747 25
3 -0.717 38 -0.429 37 -0.445 37 -1.240 33 -1.653 26 -1.012 32
4 -0.230 44 0.077 45 -0.024 45 -0.302 39 -1.201 31 -0.442 38
5 0.193 50 0.566 53 0.380 52 0.540 44 -0.819 34 0.074 43
6 0.594 56 1.082 61 0.810 60 1.423 50 -0.473 38 0.581 48
7 1.005 61 1.693 71 1.327 70 2.393 56 -0.144 41 1.103 53
8 1.461 68 2.578 85 2.112 84 3.476 63 0.178 44 1.661 58
9 2.025 76 3.531 100 2.964 100 4.803 72 0.502 47 2.303 64

10 2.874 87 6.257 81 0.833 50 3.145 72
11 3.791 100 7.731 90 1.176 54 4.541 85
12 9.207 100 1.539 57 6.072 100
13 1.933 61
14 2.376 65
15 2.906 71
16 3.607 77
17 4.720 88
18 5.933 100

aTransformation table for each GRASSP subtest including the respective total scores, the Rasch derived logit scale and the user-friendly, unbiased 0–100 metric.

GR, Graded and Redefined Assessment of Strength, Sensibility and Prehension (GRASSP); GR-str_red, GRASSP strength reduced; GR-ps, GRASSP palmar sensation;
GR-ds, GRASSP dorsal sensation; GR-pa, GRASSP prehension ability; GR-pp, GRASSP prehension performance; GR-pp_red, GRASSP prehension performance reduced.
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previous analyses of the items,7 and results of the Rasch analysis

guided the reduction of the number of items in the GR-str subtest.

The final recoded and reduced GR-str subtest counts four items, and

has still good reliability for use as measurement tool (PSI: 0.824), a

slight ceiling effect, absence of LID, good item fit, and ordered

thresholds.36

The GR-sens subtest

The Rasch analysis of the GR-sens subtest showed a local de-

pendency of the palmar and dorsal test locations, especially for the

thumb and the small finger, and multidimensionality, with the LID

item’s loading stronger on a common dimension. When the palmar

and dorsal test locations are dependent, one can assume that they

are redundant, representing one and the same aspect of sensation.

This supports the use of either the GR-ps or GR-ds and, for that

reason, separate calibrations are shown for the dorsal and the pal-

mar side in Tables 2 and 3. The separate analysis of GR-ps and GR-ds

solved the multidimensionality issue. To accommodate for disordered

thresholds, the five response categories (0–4) of GR-ps and GR-ds

were collapsed into three recoded categories (range 0–3). The same

collapsing strategy worked well for GR-ps and GR-ds (Tables 3 and

4). The GR-sens subtest showed the highest proportion of participants

achieving the maximal number of points.

The GR-pp subtest

A first Rasch analysis with all items of the GR-pp subtest supported

its unidimensionality, as well as the absence of LID and DIF. This

subtest presented the best reliability of all subtests, with PSI = 0.956.

Ceiling and floor effects were not observed. The infit and outfit

statistics were within the 0.5–1.7 range.

The main challenge of the GR-pp subtest was the disordering of

the thresholds. A common collapsing strategy could be applied to

all the six tasks. Collapsing of the six response categories (0–5) into

four recoded categories (range 0–3) improved the item fit (Table 3).

A further reduction of the tasks from six to four based on clinical

expertise did not impact the reliability of the subscale (PSI = 0.937).

Discussion

The study revealed that after minor modifications, GRASSP

Version 2 subtests responded well to the Rasch analysis supporting

sound measurement properties and being applicable as an interval

level scaled outcome measure of upper limb function.9 In addition,

GRASSP subtests can be reliably applied in longitudinal studies

(i.e., following acute SCI) because of the invariance of the

GRASSP items over the assessment time points. Lastly, the as-

sessment time of the GRASSP can be shortened by omitting some

items, without losing much comprehensiveness, accuracy, and re-

liability.

As expected, the initial Rasch analysis showed that the thresh-

olds for all GRASSP subtests with exception of GR-pa were dis-

ordered, affecting the applicability of the row scores of quantitative

analysis.37,38 However, after collapsing response categories

(Table 4), and after Rasch adjustment, the thresholds were well

ordered, whereas the Rasch analyses showed no substantial loss in

reliability.39 This means that although the response categories were

reduced and some items were deleted, the continuum of levels of

ability can still be discriminated in our population group. For ex-

ample, Figure 2 shows that a simple task such as ‘‘pegs’’ can be

performed by less able individuals, as it is on the lower range of the

scale. In contrast, more difficult tasks such as ‘‘nuts’’ are on the

higher range of the scale, and allow for discriminating among more

capable individuals with greater dexterity to perform these tasks.

Dependency of items was observed between almost all GR-str

items (Fig. 1) and between GR-ds and GR-ps items. Local

FIG. 1. Local item dependency >0.2 in the GR-str subscale.
Biceps, M. biceps; Delto, M. anterior deltoid; WristExt, M. ex-
tensor carpi radialis longus/brevis; ExtDig, M. extensor digitorum
communis; Opp, M. opponens; FPL, M. flexor pollicis longus;
FDP, flexor digitorum profundus; AbdDigV, M. abductor digiti
minimi; AbdDigII, M. first dorsal interosseous.

FIG. 2. Person item map for the prehension performance subtest.
The gray bars are the number of observations. In total, 614 observations
(all five examination stages, with dropouts) were included for analysis.
The y axis represents the four tasks within the prehension performance
subtest. The white dots are the item difficulty thresholds. The black
dots are the item locations, or item difficulties, of each task and cor-
respond to the mean of an item’s difficulty thresholds. Item difficulty
thresholds are the equal probability points between response options.
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dependencies within GR-str were solved by discarding selected

items (muscles) of the subtest, which is based on clinical judge-

ment. A previous longitudinal study in individuals with tetraplegia

revealed7 that early assessment of a maximum of three muscle

variables (e.g., M. deltoid, M. extensor digitorum communis

[EDC], and M. flexor pollicis longus [FPL]) are sufficient to predict

upper limb function and independence in activities of daily living

(ADL) at 6 months after cervical SCI. Therefore, the decision to

reduce items was also based on the results of the aforementioned

prediction study7 and clinical insights (Table 3).

The local dependencies of GR-ps and GR-ds were not surprising,

as the applied thresholds on the three test locations of the palmar

and dorsal surface of the hand represent the same anatomical areas

(segments C6, C7, and C8, respectively). It was confirmed in this

study that GR-ps and GR-ds were uniform, and, therefore, GR-ps or

GR-ds can be used for clinical and research purposes in the fu-

ture.40,41 As there is some evidence that GR-ps can detect more

change than GR-ds over time,1 we would suggest using GR-ps after

cervical SCI, although in the Rasch analysis the results of GR-ps

and GR-ds were similar.

The level and completeness, the extent of recovery, and the indi-

vidual performance in cervical SCI is highly variable.1,3,4 The high

variability influences the decision to choose appropriate outcome

measures (e.g., responsive, accurate) in a clinical trial to detect an

intervention effect. In our study, not including extreme values, we did

not find floor and ceiling effects for GR-pa and GR-pp; however, we

still found small floor and ceiling effects for GR-str (floor 0%; ceiling

<7%) and GR-sens (floor <8%; ceiling <17%). Ceiling and floor

effects are recognized in SCI studies,1 and to overcome limits of

manual muscle testing, it was recommended to use handheld dyna-

mometry to identify effects of therapeutic or hand surgical interven-

tions over time. In addition, the performance of an unbiased recursive

partitioning method, called a ‘‘conditional inference tree’’ (URP-

CTREE),42 might be used to identify homogeneous outcome sub-

groups to improve the sensitivity of trials.2,7

The GR-pa subtest did not require any adjustment to fit the Rasch

model, which is a unique finding. The GR-pa was designed to give a

first impression of the hand through assessing the ability to perform

three grasp patterns (cylindrical grasp, lateral key pinch, and tip to

tip pinch) that can develop early in the recovery phase after SCI.

In SCI, there is little research regarding Rasch metric properties of

upper limb conditions43,44 or functional outcome measures.14,17 This is

in contrast to outcome measures used to evaluate upper limb function

in neurological conditions45–55 or peripheral upper limb specific

disorders.56–59 The Van Lieshout test measures upper limb func-

tional tasks60,61 in tetraplegia, however, it was not designed to pro-

vide information regarding changes in sensory-motor impairment.

After collapsing the response options for 7 out of 10 items of the Van

Lieshout Test, the Rasch analysis showed monotonicity, unidimen-

sionality and good reliability (PSI = 0.91; Cronbach Alpha = 0.95).

The robustness of the Van Lieshout scale’s hierarchy of item diffi-

culties over time was not verified. A pronounced ceiling effect (11%)

is reported, which indicates a higher proportion of persons with good

abilities to perform the functional tasks.

In comparison, the GRASSP revealed ordered item difficulty

response thresholds, valid for measuring upper limb function in SCI

over time and discriminating among persons with a broad range of

abilities (from poor to good) following cervical SCI. Based on these

findings, GRASSP subtests can be well applied as initially devel-

oped. Although the GRASSP subtests can remain the same, the

modified GRASSP Version 2 scoring needs to be applied when the

scores will be used for metric measurements. For any motor scoring

a change from no innervation (score 0) to any innervation (scores

1–5) is likely relevant.62 However, it is unclear as to whether a

change from 0 to 1 is as significant as a change from 4 to 5 for the

same muscle, which again is true for sum scores. Unfortunately, in

research ordinal scales are often simply summed,1,13,15,63 and au-

tomatically bias the change needed to achieve a treatment ef-

fect.19,20,38 Therefore, when sum scores are needed, it is

recommended to use the Rasch scoring algorithm to transform the

person’s ability to a linear interval score ranging from 0 to 100: that

is, the ‘‘Rasch_GR_100 subscale.’’ The Rasch_GR_100 subscale can

be derived from the GRASSP subtest ordinal scale without

changing the face validity of the outcome measure (Tables 4 and 5).

Also, the items included in the final models, the collapsing strategy

for disordered response options, and the threshold difficulties as

shown in Table 3 would allow replicating our models in an an-

chored Rasch analysis.

Limitations

At this point, a comparison across Rasch_GR_100 subscales is

not recommended, as the subscales have not been co-calibrated yet.

Knowledge about the subscale’s relative difficulties is yet lacking;

for example, we do not know how difficult the ‘‘strength’’ subscale

of the GRASSP is compared with the other subscales. A co-

calibration, which would put all the GRASSP subscales on a

common metric, may be undertaken in the future, but was not an

aim of this study, in which the measurement reliability and validity

of the separate subscales across time was the focus of interest.

We examined DIF based on examination stage and laterality,

and more clinical constructs such as age and gender can be added to

the DIF analysis to see how the individual items behave with the

different constructs.

We have a convenience sample of 77 individuals, (measured

repeatedly but with dropouts); however, in future, a larger sample is

recommended to increase the power of the analysis.

It was not within the scope of this study to investigate if the final

Rasch_GR_100 subscales are sensitive over time. More discussion

will be needed in the future to explore the responsiveness of the

final Rasch_GR_100 subscales.

Conclusion

The Rasch analysis with the GRASSP Version 2 subtests per-

formed well in a sample of individuals with cervical SCI with

different impairment levels, from the acute phase to the chronic

phase of recovery. This study supports that the GRASSP Version 2

subtests can be transformed to a metric interval using the trans-

formation table, and that the Rasch converted scores of the

GRASSP allow interval level measurement. Further, the findings of

this study showed that the GRASSP Version 2 can be applied as a

shorter version without losing accuracy, which is beneficial for

clinical settings and research purposes.
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