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Background. The High-Level Mobility Assessment Tool (HiMAT) was developed
to quantify balance and mobility problems after traumatic brain injury (TBI). Mea-
surement properties of the HiMAT have not been tested in the mild TBI (MTBI)
population.

Objective. The aim of this study was to examine the reliability, validity, and
responsiveness of the HiMAT in a sample of the MTBI population.

Design. A cohort, pretest-posttest, comparison study was conducted.

Methods. Ninety-two patients (69% men, 31% women) with a mean age of 37.1
years (SD�13.8) and a mean Glasgow Coma Scale score of 14.7 (SD�0.7) were
recruited from Oslo University Hospital. All patients were tested with the HiMAT
(range of scores�0 [worst] to 54 [best]) at 3 months postinjury. Fifty-one patients
were retested at 6 months. A subgroup of 25 patients was selected for the reliability
testing. Balance function reported on the Rivermead Post Concussion Symptoms
Questionnaire was chosen as a criterion and anchor. Criterion-related validity was
studied with correlation analysis. Intraclass correlation coefficients (ICCs) were used
for assessing interrater and intrarater reliability. Minimal detectable change (MDC) for
the HiMAT was estimated. Responsiveness was assessed with receiver operating
characteristic curve analyses.

Results. The mean HiMAT sum score was 46.2 (95% confidence interval�44.4 to
48.1). The HiMAT had a ceiling effect of 22.8%. The correlation between HiMAT
scores and self-reported balance problems was large (r��.63, P�.001). Interrater
and intrarater reliability of the HiMAT sum score was high (interrater ICC�.99,
intrarater ICC�.95). The MDC was �3 to �4 points. Responsiveness was good, and
the HiMAT discriminated well between patients with self-perceived improved bal-
ance function versus unchanged balance function (area under the curve�0.86).

Limitations. The small sample size, a ceiling effect, and lack of a gold standard
were limitations of the study.

Conclusions. The HiMAT demonstrated satisfactory measurement properties for
patients with MTBI. The HiMAT can be used as an outcome measure of balance and
mobility problems in patients with MTBI.
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The incidence of episodes of
hospital-treated traumatic
brain injury (TBI) in Oslo, Nor-

way, is 83.3/100,000, and 86% of
these are classified as mild traumatic
brain injury (MTBI) based on Glas-
gow Coma Scale (GCS) scores.1 Bal-
ance problems are commonly
reported symptoms following
MTBI.2–5 Balance is important in
maintaining fluid dynamic move-
ment and thereby affects mobility.
Balance is defined as the ability to
maintain the body’s center of gravity
within its base of support.6,7 Mobil-
ity is defined as the ability to move
safely and independently from one
place to another.7 Balance and
mobility are strongly related con-
structs, and higher-level balance and
mobility are required in physically
demanding employment roles, social
roles, and leisure and sporting
activities.6,8

Due to the lack of instruments
enabling the quantification of high-
level mobility and balance in the TBI
population, the High-Level Mobility
Assessment Tool (HiMAT) for TBI
was developed. It is an outcome
measure for use in clinical work and
research.8–11 The HiMAT has shown
high interrater reliability, retest reli-
ability, and internal consistency in an
Australian population of patients
with moderate and severe TBI.11 Its
content validity and discriminability
have been established, and the
HiMAT has shown moderate concur-
rent validity, better responsiveness,
and less ceiling effect than other
measures of mobility.8,10

To our knowledge, the HiMAT has
not been tested in the MTBI popula-
tion. Such testing is important
because the ceiling effect might be
larger in a population with milder
injuries and because other measure-
ment properties of the HiMAT are
not established for this large sub-
group of patients. The HiMAT is a
measure of high-level mobility skills,

and it is expected that age, sex, and
physical fitness will influence the
outcome of the HiMAT score.12 For
the best possible interpretation of
the HiMAT score, it is important to
study the relationship between the
HiMAT score and age, sex, and phys-
ical activity.

Traditionally used mobility assess-
ment tools may not capture the
experienced balance problems
reported by patients with MTBI due
to ceiling effects.10,13,14 It is impor-
tant, therefore, that instruments
include high-level mobility items
such as running and jumping, reflect-
ing the various requirements of phys-
ical functioning.9 Moreover, valid
and reliable measures of balance and
mobility for the MTBI population are
important because they can assist
the clinician in selecting appropriate
therapy interventions and serve as
outcome measures in clinical prac-
tice. It will be important, therefore,
to explore whether the HiMAT is a
valid and reliable measure of balance
and mobility in the MTBI population.

The primary aim of the present study
was to examine the validity, reliabil-
ity, and responsiveness of the HiMAT
in a sample of the MTBI population.
The related research questions were:
(1) Is the HiMAT a valid measure of
balance and mobility in people with
MTBI based on a criterion of self-
reported balance problems? (2) Is
the HiMAT a reliable measurement
tool for patients with MTBI? and (3)
Is the HiMAT a responsive measure-
ment tool for patients with MTBI?
The secondary aim was to study the
impact of age, sex, and physical fit-
ness on balance and mobility as mea-
sured by the HiMAT.

Method
Design
A prospective design was used. The
included participants were tested
with the HiMAT at a mean of 3.2
months (SD�1.2) after the injury

and retested at a mean of 6.5 months
(SD�0.7) after the injury. The mean
time between the 2 tests was 3.2
months (SD�0.9). The study was
conducted at the outpatient Depart-
ment of Physical Medicine and Reha-
bilitation at Oslo University Hospital.
Written informed consent was
obtained from all participants prior
to testing.

Participants
All participants were recruited at
Oslo University Hospital from May
2008 to November 2010. At Oslo
University Hospital, patients with
MTBI are admitted to the Neurosur-
gical Department in the acute phase
and receive follow-up 3 months
postinjury at the outpatient clinic in
the Department of Physical Medicine
and Rehabilitation. They were
included in the current study at the
3-month follow-up if they fulfilled
the following criteria: age between
16 and 67 years and an MTBI defined
by GCS score of 13 to 1515 assessed
immediately after head injury or at
admission to the hospital. Exclusion
criteria were: severe psychiatric dis-
ease, insufficient command of the
Norwegian language, and injuries to
the extremities that made testing dif-
ficult. A total of 128 patients were
eligible. Thirty-two patients were
excluded from the study according
to the exclusion criteria, and the
main reason for exclusion was
extremity injuries (22 patients). In
addition, 4 patients did not want to
participate. The remaining 92
patients were included in the study.
They were 63 men (69%) men and
29 women (31%) with a mean age of
37.1 years (SD�13.8) and a mean
GCS score of 14.7 (SD�0.7). Fifty-
one participants were retested at 6
months. They were 30 men (58.8%)
and 21 women (41.2%) with a mean
age of 41.4 years (SD�13.2) years
and a mean GCS score of 14.8
(SD�0.4).
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The participants enrolled in this
study were tested for balance prob-
lems at 3 months postinjury. They
did not receive any physical therapy
for their balance problems prior to
the testing. Mean symptom severity
reported on the Rivermead Post Con-
cussion Symptoms Questionnaire
(RPQ) was 16.52 (SD�13.8). Sixty-
one participants reported loss of
consciousness, 15 did not, and loss
of consciousness was unknown for
16 participants. Posttraumatic amne-
sia (PTA) was reported by 71 partic-
ipants, 17 participants did not report
PTA, and PTA could not be deter-
mined in 4 participants. Intracranial
injuries and fractures of the skull
were identified by computed tomog-
raphy (CT) scan in 41 participants,
no injuries were found in 48 partic-
ipants, and a CT scan was not per-
formed in 3 participants. The mech-
anism of injury in the sample was:
traffic accidents (n�24), violence
(n�24), fall (n�35), and “other”
(n�9).

A subgroup of 25 participants was
recruited for the intertester and
intratester reliability testing of the
HiMAT. They were 15 men (60%)
and 10 women (40%) with a mean
age of 36.8 years (SD�13.7) and a
mean GCS score of 14.5 (SD�0.7).
The dropouts from 3 to 6 months
(n�41) were significantly younger
(P�.001), and the group consisted
of significantly more men (P�.05)
than those who attended for 6
months. There were, however, no
significant differences in the GCS
scores.

Measures
Demographic and personal factors
that were recorded were age, sex,
and physical activity. Physical activ-
ity postinjury was recorded as ses-
sions per week that made the person
sweat and short of breath and lasted
for 20 minutes or more. For the pur-
pose of analysis, age and physical
activity were categorized into 4 sub-

groups. Age was categorized into:
subgroup 1�16�29 years (n�34),
subgroup 2�30�39 years (n�17),
subgroup 3�40�49 years (n�19),
and subgroup 4�50� years (n�22).
Physical activity was categorized in
subgroups based on quartiles: sub-
group 1�no physical activity
(n�30), subgroup 2�1 to 2 sessions
of physical activity per week
(n�26), subgroup 3�3 sessions of
physical activity per week (n�15),
and subgroup 4�4 or more sessions
of physical activity per week
(n�21).

The HiMAT is a unidimensional
performance-based measure of
mobility.8 It consists of 13 walking,
running, skipping, hopping, and stair
items that are measured with either a
stopwatch or a tape measure.8,16

Raw scores measured in times and
distances are noted and converted to
a score on a 5-point scale from 0 to 4,
except the 2 dependent stair items
that are rated on a 6-point scale from
0 to 5.8–11 For all items, the catego-
ries of the converted scores were
determined by calculating perfor-
mance quartiles for successful
attempts based on the findings of a
study by Williams et al8 of patients
with severe TBI. A score of 0 corre-
sponds to inability to perform the
item, and scores of 1 to 4/5 repre-
sent increasing levels of ability. The
sum score range is 0 (worst) to 54
(best). A user or instruction manual
for testers describing the test in
detail has been developed.16 Norms
have been established for young men
and women who are healthy.12 The
HiMAT has been translated into Nor-
wegian according to recommended
procedures.17

Self-reported balance problems were
recorded using the RPQ.18 The RPQ
is designed to measure severity of
post-concussion symptoms follow-
ing MTBI.18,19 It is a 16-item standard-
ized and validated questionnaire18

with a 5-point ordinal scale from 0

(no problem) to 4 (severe problem).
The RPQ scores are the sum of symp-
tom scores, excluding the ratings of
1 because this rating signifies a level
that is the same as preinjury. In the
last section of the RPQ, it is possible
to ask the patient whether he or she
is experiencing any other difficulties.
We added a question about balance
applying the same response
scale.18,19 The question was: “Do you
now suffer from balance problems?”
The balance question was analyzed
separately. The response was dichot-
omized to no balance problems
(0�1) and balance problems (2�4)
for the analyses. This was the
method used for identifying individ-
uals with balance problems in this
study. In the lack of a proper gold
standard, the balance item of the
extended RPQ also was used as a
criterion in the validity analyses and
as an anchor in the responsiveness
analyses in the current study.

Procedure
For the validity and responsiveness
testing of the HiMAT, the same phys-
ical therapist (I.K.) tested all partici-
pants on both occasions. For the
assessment of intertester reliability, 3
physical therapists with several years
of experience working with patients
with TBI participated in the testing.
All 3 physical therapists received
instruction in use of the HiMAT prior
to testing. The intertester reliability
testing was performed concurrently
and independently by 2 physical
therapists, where one therapist was
instructing the patient and both
were timing the test. The distance in
the HiMAT bound item was mea-
sured by one physical therapist in
accordance with the reliability study
by Williams et al.11 For the intra-
tester reliability testing, the partici-
pants were allocated to 2 groups.
Group 1 was tested by 2 physical
therapists in the morning and
retested in the afternoon on the
same day by the instructing physical
therapist. The procedures were
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reversed for group 2. The testers
were blinded to the scores of the
other testers and to their own previ-
ous test results. The participants
filled in the RPQ prior to the HiMAT
testing at 3 and 6 months.

Data Analysis
Descriptive statistics were used for
the analysis of demographic data and
test data from the HiMAT and the
RPQ. Parametric and nonparametric
statistical methods were used on nor-
mally and non–normally distributed
data, respectively. Sensitivity analy-
ses were performed due to outliers.
The outliers were kept in the analy-
ses because of similar statistical
results. A ceiling effect was consid-
ered present if more than 15% of the
respondents had the highest possi-
ble sum score on the HiMAT.20

Criterion-related validity was
assessed by Spearman rho between
the HiMAT sum score and the RPQ
balance score at 3 and 6 months.
Discriminant ability of the HiMAT
was assessed with receiver operating
characteristic (ROC) curve analyses
at 3 and 6 months. Differences in the
HiMAT score between participants
reporting balance problems and
those reporting no balance problems
were analyzed with the Mann-
Whitney U test.

For each of the HiMAT items, inter-
rater reliability of the raw scores and
the converted scores was assessed
with intraclass correlation coeffi-
cients (ICCs) (model: 2-way mixed,
type: consistency). Interrater and
intrarater reliability of the HiMAT
sum score also were assessed with
ICCs. According to Rosner,21 an ICC
less than .40 indicates poor repro-
ducibility, ICC values from .40 to .75
indicate fair to good reproducibility,
and an ICC value greater than .75
shows excellent reproducibility.
Mean differences between the initial
and retest scores in the intrarater test

were calculated with paired t test on
the group’s sum score.

Standard error of measurement
(SEM) was calculated with the for-
mula:

SEM � S � �1 � RC,

where SD is the mean of the standard
deviation for the first and second
tests and RC is the ICC reliability
coefficient. The minimal detectable
change (MDC) for the HiMAT score
was calculated with the formula:

MDC � m � 1.96 � �2 � SEM,

where m is the mean difference
between the initial and retest scores
in the intrarater test.11,22

Responsiveness of the HiMAT was
assessed by calculation of the pro-
portions of participants who
reported improvement in balance on
the RPQ and had a change of at least
the MDC score on the HiMAT.
Responsiveness also was analyzed
by ROC curve analyses. Change
scores of the RPQ balance question
were regrouped into 3 categories:
“improved,”“unchanged,”and“wors-
ened.” Unchanged was defined as
no change, and improved and wors-
ened were defined as a change of
one or more score levels except
from 0 to 1 and 1 to 0, which repre-
sent no real change. Only 2 partici-
pants worsened and were excluded
from the responsiveness/ROC curve
analyses. For the HiMAT sum score,
only scores equal to or greater than
the MDC were defined as change.
Change scores on the RPQ were
explored by ROC curve analysis
using this dichotomized scale of
improved and unchanged partici-
pants as the state variable and the
change in HiMAT sum score equal
to or greater than the MDC as the
test variable. The area under the
curve (AUC) was interpreted accord-
ing to Hosmer and Lemeshow23:

0.70�AUC�0.80 is considered
acceptable discrimination, and 0.80�
AUC�0.90 is considered excellent
discrimination.

The associations between the
HiMAT sum score and age, sex, and
physical activity at 3 months were
analyzed with multiple linear regres-
sion analysis, enter method. Age,
sex, and physical activity were
included as independent variables,
and the HiMAT sum score was the
dependent variable. The assump-
tions underlying linear regression
analyses were assessed and found to
be adequately met.

Results are presented as mean with
standard deviation or 95% confi-
dence interval (95% CI) or as median
with interquartile range (IQR). A
2-tailed significance level of .05 was
applied. The IBM Statistical Package
for the Social Sciences statistics pro-
gram, version 18.3, (IBM Corpora-
tion, Armonk, New York) was used
for the statistical analyses.

Results
The mean HiMAT sum score was
46.2 (95% CI�44.4 to 48.1) at 3
months (n�92) and 47.7 (95%
CI�45.8 to 49.5) at 6 months
(n�51). Some ceiling effect was
present, as 21 participants (22.8%)
had a maximum score of 54 points at
3 months and 9 participants (17.6%)
had the maximum score of 54 points
at 6 months. All except one of the
participants were men. Seventeen
participants (81%) in the youngest
age groups (up through 39 years)
had the highest possible HiMAT
score. The group that was physically
active more than 3 times a week had
the largest ceiling effect, where 52%
of the participants achieved the high-
est possible score. Ceiling effects for
each HiMAT item are shown in Table
1. The stair items had the most sub-
stantial ceiling effect, with more
than 90% of the participants obtain-
ing the maximum score. Running
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and skipping had the least ceiling
effect, with 37% of the participants
obtaining the maximum score
(Tab. 1).

Balance problems were reported by
28 participants (30.4%) at 3 months
and by 14 participants (27.5%) at 6
months. The HiMAT sum score was
significantly and negatively associ-
ated with self-reported balance mea-
sured with the RPQ (at 3 months:
rho��.46, P�.001; at 6 months:
rho��.63, P�.001). The differ-
ences in HiMAT scores for partici-
pants with and without balance
problems were significant (P�.001),
with a difference of 9.5 and 12.0
points at 3 and 6 months, respec-
tively (Fig. 1).

The ROC analyses demonstrated that
the HiMAT had good ability to dis-
criminate between participants with
and without balance problems at 3
months (AUC�0.78, P�.001) and at
6 months (AUC�0.90, P�.001). The
cutoff point on the HiMAT scale that
showed the best balance between

sensitivity and specificity was less
than 47 points at 3 months and less
than 48 points at 6 months (Fig. 2).

Interrater reliability for the 2 exam-
iners was excellent for the raw score
for each item, showing considerable
agreement in the scoring of the dif-
ferent items. Some raw scores were
designated to different categories in
the converted score, explaining the
differences in ICC for the raw scores
and converted scores (Tab. 2). How-
ever, the differences were minimal,
and the converted scores were used
to calculate the HiMAT sum score.
Interrater reliability for HiMAT sum
score also was excellent (ICC�.99,
95% CI�.98 to 1.00).

The intrarater reliability of the
HiMAT sum score was excellent
(ICC�.95, 95% CI�.89 to .98),
showing consistent test results.
When comparing the mean test-
retest differences, a mean improve-
ment of 0.8 point was found
(range��3 to 7, P�.07).

Minimal detectable change at the
95% confidence level (MDC95) for
HiMAT was calculated to be �3.25.
Considering that the mean improve-
ment was 0.8 and the HiMAT score
was calculated in whole numbers, a
deterioration of 3 points (�3.25�
0.8��2.45��3) or an improve-
ment of 4 points (3.25�0.8�
4.05�4) was needed to be 95% sure
that a true change had occurred.

The HiMAT’s ability to discriminate
over time between improved and
unchanged participants (responsive-
ness) was significant according to
the ROC curve analyses (AUC�0.86,
P�.003, n�49) (Fig. 3). The majority
of participants (n�42) reported no
change in self-reported balance from
3 to 6 months, 7 reported improve-
ment, and 2 reported deterioration
in self-reported balance on the RPQ.
The proportion of participants who
had improved by at least the MDC on
the HiMAT was 85.7% for those with
self-reported improved balance on
the RPQ compared with 21.4% for
those with unchanged self-reported
balance.

The multiple linear regression analy-
sis showed that age, sex, and physi-
cal activity were significantly and
independently associated with the
HiMAT score and that these variables
explained 40% of the variance in the
HiMAT score. Age was a strong pre-
dictor of mobility and balance as
measured by the HiMAT. Partici-
pants aged 40 years and older had
HiMAT scores that were a mean of
8.2 points (SD��12.5 to �4.0)
lower than those of the youngest age
group when adjusted for sex and
physical activity. Men performed a
mean of 4.4 points (SD�1.0 to 7.7)
better than women when HiMAT
scores were adjusted for age and
physical activity. Being physically
active was a significant predictor
compared with being inactive. Phys-
ical activity once or twice a week
improved the HIMAT performance

Table 1.
Ceiling Effect for the Respective High-Level Mobility Assessment Tool (HiMAT) Items
Tested at 3 Months and 6 Months Postinjury

HiMAT Item

n (%)
With

Maximum
Score at

3 Months
(n�92)

n (%)
With

Maximum
Score at

6 Months
(n�51)

Walk 54 (58.7) 35 (68.6)

Walk backward 62 (67.4) 37 (72.5)

Walk on toes 55 (59.8) 38 (74.5)

Walk over obstacle 50 (54.3) 35 (68.6)

Run 34 (37.0) 13 (25.5)

Skip 34 (37.0) 21 (41.2)

Hop forward (more-affected leg) 47 (51.1) 24 (47.1)

Bound (more-affected leg) 40 (43.5) 22 (43.1)

Bound (less-affected leg) 51 (55.4) 26 (51.0)

Up stairs dependent 90 (97.8) 51 (100)

Up stairs independent 86 (93.5) 50 (98.0)

Down stairs dependent 90 (97.8) 51 (100)

Down stairs independent 84 (91.3) 48 (94.1)
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by a mean of 5 points (SD�1.2 to
8.9), and the most physically active
participants scored a mean of 8.2
points (SD�4.0 to 12.4) higher com-
pared with the inactive group when
controlling for age and sex (Tab. 3).

Discussion
In this longitudinal study of patients
with MTBI, validity, reliability, and
responsiveness of the HiMAT were
examined. Satisfactory measurement
properties were found, and our
study complements previous exami-
nations of measurement properties
of the HiMAT from Australia.10,11

However, previous studies have not
addressed measurement properties
of the HiMAT for the MTBI popula-
tion.

The sample in our study was repre-
sentative of other MTBI populations
with respect to sex and age distribu-
tion.24 Our sample, however, may
represent patients with more severe
MTBI, as they were recruited from
the neurosurgical ward at Oslo Uni-
versity Hospital. A relatively large
proportion of patients were
excluded from the study due to frac-
tures or multitrauma that affected
their ability to do the test. There is a
high incidence of multitrauma in
patients with TBI,5,25,26 which limits
the applicability of the HiMAT early
after the injury.

Validity
In our study, the significant correla-
tions between reported balance
problems on the RPQ and the HiMAT
indicate that HiMAT performance
reflects balance and mobility prob-
lems in patients with MTBI. How-
ever, according to quality criteria
proposed by Terwee et al,20 the cor-
relation should be at least .70 to rep-
resent a good gold standard. In the
present study, only the correlation at
6 months (rho�.63) approached this
criterion. Furthermore, the ROC
curve analyses showed that the
HiMAT discriminated well between

Figure 1.
Box plots demonstrating High-Level Mobility Assessment Tool (HiMAT) scores for
participants reporting no balance problems (0) and balance problems (1) on the
Rivermead Post Concussion Symptoms Questionnaire at (A) 3 months postinjury and
(B) 6 months postinjury. The middle line represents the median, the box represents the
interquartile ration (IQR), and the whiskers represent the lowest and highest values
except for outliers. Individual circles represent outliers. In Figure 1A, for no balance
problems, median HiMAT score�51, IQR�46.2�54; for balance problems, median
HiMAT score�41.5, IQR�33.5�48.5. In Figure 1B, for no balance problems, median
HiMAT score�52, IQR�48�54; for balance problems, median HiMAT score�40, IQR�
38�46.3.
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patients with and without self-
reported balance problems, indicat-
ing that it is a valid measure of bal-
ance and mobility problems in the
MTBI population.

In the absence of reliable and valid
measures for balance and mobility
problems specifically designed for
the MTBI population, we chose to
use self-report by the RPQ as a proxy
criterion standard in order to study
the HiMAT’s ability to measure bal-
ance problems. Other frequently
used balance and mobility measures
such as the Dynamic Gait Index7,13

and the Rivermead Mobility Index14

have demonstrated substantial ceil-
ing effects in more severely injured
TBI populations; thus, these instru-
ments were not considered feasible
in our study on patients with
MTBI.10,27 It is important to be aware
of the weaknesses of self-reports
because they may be affected by cog-
nitive problems and self-evaluative
accuracy.28 However, self-report
measures are considered to reflect
similar assessments of functional lim-
itation as performance measures as
long as the construct measured by
the 2 methods are the same.29 Fur-
thermore, gait speed is considered a
measure of functional balance and
disability,30 and most HiMAT items
measure the speed of gait, running,
and jumping activities.

Ceiling Effect
A relatively high ceiling effect of the
HiMAT was found in our study. The
fact that the majority of the study
sample reported no balance prob-
lems on the RPQ may be one expla-
nation for this finding. In accordance
with Williams et al,12 the ceiling
effect was largest for men. In addi-
tion, the current study did find a
higher ceiling effect among the
youngest age groups and the most
physically active participants.

Among the HiMAT items, the stair
walking items, in particular, had a

Figure 2.
Receiver operating characteristic (ROC) curves demonstrating ability of the High-Level
Mobility Assessment Tool (HiMAT) to discriminate between participants who reported
balance problems and those who reported no balance problems on the Rivermead Post
Concussion Symptoms Questionnaire at (A) 3 months postinjury (n�92) and (B) 6
months postinjury (n�51). True positive rate (sensitivity) is plotted as a function of the
false positive rate (100 � specificity) for different cutoff points. Each point on the ROC
curve represents a sensitivity-specificity pair corresponding to a particular decision
threshold. In Figure 2A, area under the curve (AUC)�0.78, P�.001, n�92 (3 months).
Participants with balance problems: n�28. Cutoff �47 points on the HiMAT shows the
best balance between sensitivity (70%) and specificity (75%). In Figure 2B, AUC�0.90,
P�.001, n�51. Participants with balance problems: n�14. Cutoff �48 points on the
HiMAT shows the best balance between sensitivity (92%) and specificity (86%).
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substantial ceiling effect, whereas
the most challenging items were
skipping, running, and hopping.
These findings are in accordance
with the results of an earlier study.8

In a revised version of the HiMAT,
Williams et al31 removed the stair
items. This revised version should be
considered for the MTBI population
in future studies. A ceiling effect has
the potential to limit the HiMAT as
an outcome measure in a general
population of patients with MTBI.
Such a ceiling effect possibly could
be avoided by using raw scores, but
this approach makes it more difficult
to compare HiMAT scores across
populations. Another alternative that
might need some consideration is to
determine new categories by calcu-
lating performance quartiles for suc-
cessful attempts based on an MTBI
population. However, more clini-
cally important, there was no ceiling
effect on the HiMAT sum score
among patients who reported bal-
ance problems on the RPQ.

Reliability
In our study, interrater and intrarater
reliability were excellent and corre-
sponded well with results from other
reliability studies of the HiMAT.11,12

Because 2 physical therapists tested
concurrently and only one did the
instruction, the interrater reliability
mainly reflects the timing with stop-
watches of each item. The test
results are in accordance with the
results of other studies, showing
good interrater reliability of walking
speed measured with a stopwatch in
TBI populations.32,33

There was neither systematic
improvement nor deterioration from
the first test to the second test of
intrarater reliability. This finding sug-
gests that the participants had con-
sistent performances and that there
was no significant effect of practice
or learning or of fatigue. Because the
2 tests were performed on the same
day, there was little chance for a real

Table 2.
Intraclass Correlation Coefficients for Interrater Reliability of High-Level Mobility
Assessment Tool (HiMAT) Converted and Raw Scores (n�25)a

HiMAT Item
HiMAT Score
ICC (95% CI)

Raw Score
ICC (95% CI)

Walk .85 (.70 to .93) .96 (.92 to .98)

Walk backward .87 (.72 to .94) .99 (.98 to 1.00)

Walk on toes .98 (.95 to .99) .98 (.96 to .99)

Walk over obstacle .97 (.92 to .98) .99 (.98 to 1.00)

Run .89 (.77 to .95) .98 (.95 to .99)

Skip .96 (.91 to .98) .99 (.99 to 1.00)

Hop forward (more-affected leg) .98 (.95 to .99) .99 (.99 to 1.00)

Bound (more-affected leg) 1.00 1.00

Bound (less-affected leg) 1.00 1.00

Up stairs independent 1.00 .94 (.87 to .97)

Down stairs independent 1.00 .98 (.95 to .99)

a ICC�intraclass correlation coefficient, 95% CI�95% confidence interval.

Figure 3.
Ability of the High-Level Mobility Assessment Tool (HiMAT) change scores to discrim-
inate between improved participants (n�7) and unchanged participants (n�42) exam-
ined by receiver operating characteristic (ROC) curve analyses. Area under the
curve�0.86, P�.01 (total n�49). State variable: Rivermead Post Concussion Symptoms
Questionnaire balance question, improved�change in 1 or more categories. Test
variable: HiMAT sum scores equal to or greater than the minimal detectable change
were defined as change (range��3 to �13).
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change or natural recovery. We con-
ducted a practice trial, but cannot
rule out an effect of learning with
only a few hours between the tests.
Also, with the relatively short time-
span between the tests, we cannot
rule out fatigue as a possible effect
for some participants. The range of
HiMAT scores was larger in this
study compared with the study by
Williams et al,11 suggesting a larger
variability and possibly a larger influ-
ence of confounding factors in the
MTBI population. Cognitive dysfunc-
tion, behavioral problems, and moti-
vation are factors that might fluctu-
ate between tests and thereby affect
the results.11

The nonsignificant change between
test and retest in our study led to a
slightly different MDC compared
with that reported by Williams
et al.11 However, the difference was
only 1 point on the HiMAT scale, and
we consider this difference not to be
of clinical importance. The results of
the interrater and intrarater reliabil-
ity testing in the current study, how-
ever, should be interpreted with cau-
tion due to the sample size of n�25,
which is low according to Terwee et

al,20 who proposed a sample size of
�50.

Responsiveness
The responsiveness of the HiMAT in
our study was good according to rec-
ommended criteria.20 This finding is
in accordance with the Australian
study on responsiveness of the
HiMAT,10 supporting the notion that
this is a responsive instrument, also
for the MTBI population. Respon-
siveness is defined as the ability of an
instrument to detect a clinically
important change over time, even if
the change is small.20,34 It is impor-
tant for a responsive instrument to
measure changes only if they really
have happened.20 In our study, most
participants reported the same bal-
ance status at retest, suggesting that
they had no real change in balance,
which was confirmed by the respon-
siveness analyses. Despite weak-
nesses of the external anchor used in
the current study, the AUC was
above 0.70, which is considered ade-
quate.20

As expected, age, sex, and physical
activity were significantly related to
the HiMAT score. In our study, age

was a strong predictor of mobility
and balance measured by the
HiMAT. The regression analysis
showed that patients 40 years of age
and older had HiMAT scores that
were about 8 points lower than
those of the youngest age group
when adjusted for sex and physical
activity. In addition, men performed
4 points better than women when
scores were adjusted for age and
physical activity. Being physically
active was a significant predictor of
HiMAT performance compared with
being inactive. Physical activity once
or twice a week was sufficient to
improve HiMAT performance signif-
icantly, and the most physically
active participants scored 8 points
higher compared with the inactive
group when controlling for age and
sex. Our results suggest that norms
also should be established for physi-
cal active and inactive groups. Estab-
lishing age- and sex-specific norms,
including norms for physical activity,
will increase the interpretability and
feasibility of the HiMAT and should
be a focus of future research.

Table 3.
Multiple Linear Regression Analysis of Associations Between High-Level Mobility Assessment Tool (HiMAT) Sum Score and Age,
Sex, and Physical Activity at 3 Months (n�92)a

Variable

Unadjusted Results Adjusted Results

B (95% CI) P B (95% CI) P

Gender: Women/men 6.4 (2.6 to 10.1) .001 4.4 (1.0 to 7.7) .001

Age group 2 vs age group 1 �5.0 (�9.7 to �0.2) .04 �4.3 (�8.6 to 0.07) .05

Age group 3 vs age group 1 �10.6 (�15.1 to �6.0) �.001 �8.2 (�12.5 to �4.0) �.001

Age group 4 vs age group 1 �7.4 (�11.7 to �3.0) .001 �5.1 (�0.1 to 1.0) .01

Physical activity 1�2 times vs
no physical activity per week

6.3 (2.0 to 10.1) �.01 5.0 (1.2 to 8.9) .01

Physical activity 3 times vs no
physical activity per week

6.1 (1.0 to 11.2) .02 6.2 (1.6 to 10.7) .01

Physical activity 4 and more
times vs no physical activity
per week

10.7 (6.0 to 15.3) �.001 8.2 (4.0 to 12.4) �.001

a Age groups: 1�16�29 years, 2�29�39 years, 3�40�49 years, 4�50� years. Physical activity: 1�0 sessions per week, 2�1�2 sessions per week, 3�
3�4 sessions per week, 4�	4 sessions per week. Adjusted results: controlled for age, sex, and physical activity. Unadjusted results: not controlled for age,
sex, and physical activity. B�unstandardized coefficient, 95% CI�95% confidence interval.
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Limitations
Several limitations and challenges of
the current study have already been
discussed in relation to quality crite-
ria proposed by Terwee el al.20 As for
many other validity studies, the pres-
ent study lacked a gold standard, and
we recognize the weaknesses of
using self-reported balance as mea-
sured with the RPQ as a criterion and
anchor in the analyses. Furthermore,
the relatively high ceiling effect has
the potential to limit both the reli-
ability and responsiveness analyses,
as many participants had no possibil-
ity of improvement or change on the
HiMAT. Furthermore, the relatively
small sample size was a limitation.

Conclusion
In our study, the HiMAT demon-
strated satisfactory measurement
properties for patients with MTBI.
This finding is in agreement with
previous results on the original ver-
sion of the HiMAT. Our findings sug-
gest that the HiMAT can be used as
an outcome measure of balance and
mobility problems in patients with
MTBI. However, the results should
be interpreted with some caution
due to the methodological chal-
lenges, small sample size, and lack of
a gold standard in our study.
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