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Abstract
Objective: This study examined motor impairments over 1 year following mild closed head injury (CHI). It is the first study
to serially assess long-term oculomotor and upper-limb visuomotor function following mild head trauma.
Methods: Thirty-seven patients with mild CHI and 37 matched controls were compared at 1 week, 3 months and 6 months
and 31 available pairs at 12 months post-injury on measures of saccades, oculomotor smooth pursuit, upper-limb
visuomotor function and neuropsychological performance. Symptomatic recovery was sampled using the Rivermead
Postconcussion Symptoms Questionnaire.
Results: At 1 week, the group with CHI reported high levels of post-concussional symptoms and exhibited prolonged saccade
latencies, increased directional errors, decreased saccade accuracy and impaired fast sinusoidal smooth pursuit concomitant
with increased arm movement reaction time, decreased arm movement speed and decreased motor accuracy on upper-limb
visuomotor tracking tasks. Neuropsychological testing identified deficits only in verbal learning and speed of processing
while attention, short-term/working memory and general cognitive performance were preserved. At 3 and 6 months,
the group with CHI continued to show deficits on several oculomotor and upper-limb visuomotor measures in combination
with some deficits on verbal learning and improved, yet abnormal, levels of post-concussional symptoms. At 12 months,
the group with CHI had no cognitive impairment but residual deficits in eye and arm motor function and continued to
show elevated levels of post-concussional symptoms.
Conclusions: The findings indicate that multiple motor systems are measurably impaired up to 12 months following mild
CHI and that instrumented motor assessment may provide sensitive and objective markers of cerebral dysfunction during
recovery from mild head trauma independent of neuropsychological assessment and patient self-report.
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Introduction

Mild closed head injury (CHI) is a substantial cause
of morbidity world-wide. Approximately 80% of
head injury admissions are categorized as mild
with 100 to 300 cases per year per 100 000 popula-
tion [1, 2]. It follows that mild CHI is one of
the commonest causes of emergency department

visits and hospital admissions [3] and the source
of substantial related costs for health care
providers [4–6].

There is increasing evidence that even mild head
trauma is associated with a physical impact on the
brain that can result in neuronal injury and subse-
quent cerebral dysfunction [7–11]. This physical
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impact is thought to contribute to post-concussional
symptoms of both a physical and cognitive nature
[9, 12–14]. Within the first 6–12 months following
mild CHI, an estimated 30–40% of patients are likely
to show ongoing health problems [15–20].

Despite this potentially debilitating impact of
mild CHI and the subsequent demand for objective
tools to confirm injury status and track functional
recovery, there are currently no assessment options
that are equally accurate and cost-efficient in
objectively quantifying the long-term presence of
residual brain dysfunction after mild CHI. Imaging
is expensive and does not provide a detailed picture
of functional aspects of the injured brain [9, 21–23].
The application of neuropsychological testing to
confirm injury status and track recovery in patients
with mild CHI has been hampered by its suscept-
ibility to pre-morbid factors such as age, IQ and
socioeconomic status [24–26]. External factors
are likely to outweigh the head-trauma-effect on
neuropsychological tests and the likelihood that
abnormal neuropsychological performance indicates
the presence of a pathological condition has been
estimated to be under 50% in cases with mild head
trauma [27]. Similarly, the use of biochemical
markers to quantify the impact of mild CHI on the
brain has been unsatisfactory [28–30].

Based on earlier findings of oculomotor and
upper-limb visuomotor impairment at 1 week
after mild CHI [31–33], it was considered that
there may be measurable long-term abnormalities
in eye and arm motor function after mild CHI and
that motor testing may be a useful supplementary
tool in objectively quantifying residual brain dys-
function during recovery from mild head trauma.
The approach of examining motor performance as
an independent functional biomarker for the adverse
impact of mild CHI takes advantage of the estab-
lished knowledge on motor control, its complex
functional neuroanatomy and the availability of
established tools and paradigms to assess motor
function [34–40]. Whilst it was the principal aim
of this study to establish whether there are long-term
motor impairments within the first year following
mild CHI, the authors also wanted to determine
if the recovery of these deficits parallels overall
patient recovery.

Saccadic deficits have been described after severe
head trauma [41] and several studies have examined
upper-limb motor deficits and recovery of arm/hand
motor function after moderate-to-severe head
trauma using tasks such as finger tapping [42–45],
visuomotor tracking tasks [46, 47], video games
[48], reaching [49, 50] and grasping and reaction
time tests [50]. However, this study is the first to

serially assess long-term deficits in saccades and
oculomotor smooth pursuit following head injury
and to measure long-term upper-limb visuomotor
function specifically after mild head trauma. It is
also unique in taking a multi-modality approach
of gauging ongoing cerebral dysfunction after mild
CHI by tracking the recovery of motor performance,
neuropsychological function and self-reported
symptom status in a homogeneously mild CHI
patient group.

Participants and methods

Participants

Thirty-seven subjects (13 female and 24 male)
with mild CHI (Glasgow Coma Scale [GCS] score
13: four cases, 14: 12 cases, 15: 21 cases) were
recruited from patients presenting with acute head
injury to Christchurch Hospital (the principal
hospital for a regional population of over 400 000).
The GCS used was the score on first assessment
(i.e. the first recorded GCS post-injury). In most
cases, this was at time of admission to the
Emergency Department. In some cases, the GCS
was first assessed by the ambulance team prior to
arrival at the hospital. Patients had to have a score on
GCS of between 13–15 on first assessment, without
falling below 13 at any consecutive assessment at the
hospital. At the time of recruitment, no standardized
method was in practice to assess duration of post-
traumatic amnesia (PTA) in patients presenting with
mild head injury to the Emergency Department at
Christchurch Hospital and PTA duration was not
routinely noted in patient files (apart from brief
comments on the lack of recall of the injury-event
if applicable). Hence, an iterative process was used
to (a) confirm that PTA was less than 24 hours (the
only required screening criterion) and (b) provide
an approximation of length of PTA (the GCS score
was the principal factor for CHI classification).
At the initial pre-recruitment interview at the
hospital patients were asked about their first
memory following the injury. If the remembered
event fell within a 24 hour period, it was assessed
whether the patient remembered being at the scene
after the accident/regaining consciousness, being
helped by others (e.g. extraction from a vehicle,
somebody clearing their bike off the street or
calling an ambulance), the arrival of the ambulance
(if applicable, standard response time of ambulances
within city boarders taken as time approximation),
being in the ambulance, arriving at the hospital
(time was recorded on admission sheet as was time
of accident in the case of MVAs and most sport
accidents), treatment events for which the time
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was noted on the patient chart, being served a meal
(usually dinner or breakfast for patients who stayed
overnight).

All patients had experienced PTA ranging
between �2 minutes and 22 hours (mean¼ 2 hours
40 minutes) and 32 patients had a confirmed
loss of consciousness (mean¼3.96 minutes, range
0.5–15 minutes). Mean age was 29.1 years (SD
12.7, range 15–56 years) and mean years of
education was 13.6 (SD 2.56, range 8–19 years).
All patients were either employed or attended
institutions for secondary or tertiary education
and none was involved in litigation. Other potential
participants were excluded if there was evidence
of any influence of alcohol or psychoactive drugs at
time of injury, regular intake of psychoactive drugs
or history of drug abuse, central neurological
disorder or psychiatric condition, structural brain
damage or haematoma on CT head scan (where
obtained), oculomotor or somatomotor deficits upon
clinical examination, presence of strabismus, visual
acuity of worse than 6/12, skull fractures or prior
history of mild, moderate or severe head injury with
persisting symptoms or complaints.

The control group consisted of subjects with
no history of mild, moderate or severe head injury
with persisting symptoms or complaints, no central
neurological disorder or psychiatric condition and
no regular intake of psychoactive drugs or history of
drug abuse. The controls were individually matched
to each CHI case with respect to age (within 3 years
for patients >18 years, within 1 year for patients <18
years), gender and years of formal education (within
2 years for patients >18, within 1 year for subjects
<18). The mean age for the control group was 29.2
years (SD 12.6, range 15–57 years) and mean years
of formal education was 13.7 (SD 2.71, range 9–19
years). The head injured group and the controls
had equivalent IQ (mean IQ CHI group at 1 week:
110.8� 11.6 vs. controls: 112.4� 10.5). Controls
were recruited via a volunteer database made
available by the Department of Psychology at
the University of Canterbury, Christchurch,
New Zealand. These volunteers are interested in
taking part in research studies and have agreed to be
contacted for this purpose. In cases where a subject
with head injury could not be matched with a control
from the database, controls were recruited amongst
siblings, relatives or friends of the head injured
participant (patients were happy to suggest and
contact potential controls having been explained
the necessity for having a control and the matching
criteria).

Throughout the study, none of the participants
was hospitalized or developed secondary health

problems related to other causes which could have
affected any of the measures. Subjects were offered
compensation for travel costs to attend the testing
at the hospital but received no other payment.
The project was approved by the Canterbury
Ethics Committee and written consent was obtained
from all participants.

Oculomotor assessment

The assessment methods, paradigm parameters
and key measures of motor performance were
identical to an earlier study and have been described
in detail elsewhere [31, 32]. This study incorporated
paradigms for reflexive saccades (‘looking at the
stimulus’, 44 saccades, stimuli jumping randomly
by 5, 10, 15, 20, 25 or 30� in a horizontal direction,
at intervals varying pseudorandomly between
1.0–1.6 seconds), anti-saccades (‘looking away
from the stimulus to its mirror-location on the
opposite side of the screen’, 32 anti-saccades,
stimuli at 5 and 15� off centre, at intervals
varying pseudorandomly between 1.0–1.6 seconds,
balanced for left and right), memory-guided
sequences of saccades (‘performing a memorized
sequence of saccades’, six different sequences,
each with four steps, duration of 1.0 second per
step, each sequence practised five times, then
performed once, followed by presentation of the
next sequence), self-paced saccades (‘do-as-many-
as-possible’-self-pacing for 30 seconds between
two stationary targets, �15� off centre) as well as
sine and random oculomotor smooth pursuit
(‘tracking a continuously moving target’, sine at
40 and 60� s�1 peak velocity and random smooth
pursuit, mean peak velocity 80� s�1, each task
40 second duration). The only change from an
earlier study was the presentation of the anti-saccade
paradigm by way of video screen using different
colours for fixation (red) and anti-saccade stimuli
(green), rather than by red LED (light-emitting
diode) bar.

Eye movements were recorded using an IRIS
infrared limbus tracker (Skalar Medical, BV, Delft,
The Netherlands) [51]. Eye position signals were
low-pass filtered at 100 Hz, sampled and digitized
at 200 Hz and recorded for off-line analysis.
Subjects were seated in a darkened room. Head
movements were stabilized via a wax bite-bar.
Eye movements were elicited by instructing the
subject to follow a computer-generated stimulus
(for reflexive and anti-saccades: a red/green square
target, subtending 0.75�, front-projected onto a
video screen 1.72 m in front of the subject; for
memory-guided sequences and self-paced saccades:
a LED bar 1.5 m in front of the subject; for
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oculomotor smooth pursuit: a circle with a centred
cross, subtending 4.82�, front-projected onto a video
screen 1.72 m in front of the subject). The tests
were generated and controlled by a PC which
also recorded the data for off-line analysis [52].
The equipment was calibrated at the start of the
session and between tests.

Mean values of the key measures over all trials in
a particular test paradigm were used in analyses.
Before the test proper, subjects were shown an
example of each paradigm in order to familiarize
them with the task requirements. Key measures (per
paradigm) were saccade latency (ms) (reflexive, anti-
and self-paced saccades), saccade velocity (� s�1)
(reflexive, anti- and self-paced saccades), number
of self-paced saccades within 30 s, directional errors
(anti-saccades, memory-guided sequences), mean
absolute position error of the final eye position and
gain (eye position/stimulus position) of the primary
saccade and final eye position [32]. An ‘absolute
time index’ (ATI¼ subject’s total response time/
duration of the sequence) and ‘inter-response-index’
(IRI, measure for the subject’s ability to maintain
a constant rhythm during a sequence, centred
around the optimum of zero) [31] was calculated
for memory-guided sequences. Key measures for
oculomotor smooth pursuit were the average eye
peak velocity (oS�1) after removal of all saccades
from the tracking performance and the tracking
lag (ms).

Upper-limb visuomotor testing

The test set-up and paradigm parameters were
identical to a previous study [32], comprising tests
of visual acuity, visual perception and resolution,
basic arm motor function (movement speed and
steadiness) and several one-dimensional (1-D)
visuomotor tracking tasks (sine and random
preview/non-preview and step tracking) [32, 35].
Subjects were seated in front of a colour monitor
(312�234 mm) with an eye-to-screen distance
of 132 cm. The 1-D tracking tasks used a steering
wheel (395 mm diameter) as subjects’ output sensor,
which moved a vertical white arrow (16 mm high,
11 mm wide) horizontally on a black background
(top of arrow 58 mm from bottom of the screen).
Subjects placed their preferred hand at a fixed
position on the steering wheel (10 o’clock mark
for left handers and 2 o’clock mark for right-handers
or, for tests of arm speed, reaction time and
steadiness, the hand was placed at the 12 o’clock
mark). Key measures for all 1-D tracking tasks were
the mean absolute error (mm; horizontal distance
between arrow head and target) and tracking
lag (ms) [32].

Neuropsychological tests

Attention, working memory, episodic memory
and speed of information processing was assessed
using the Paced Auditory Serial Addition Task
(PASAT) [53], the California Verbal Learning
Test I (CVLT) [54], Symbol Digit Modalities Test
(SDMT) [55] and the Trail Making Test AþB
(TMT AþB) [56]. General cognitive performance
was evaluated with the Vocabulary Test and Matrix
Reasoning sub-tests of the Wechsler Abbreviated
Scale of Intelligence (WASI) [57]. Standardized
instructions were followed for all tests.

Symptom evaluation: Rivermead Post-concussion

Symptoms Questionnaire

The presence of post-concussional symptoms and
complaints was assessed using the Rivermead Post-
concussion Symptoms Questionnaire (RPSQ) [58].
This questionnaire was developed and standardized
by the Oxford Head Injury Service (Oxford, UK)
and is a widely used tool to assess and quantify the
presence of post-concussional complaints in head
trauma patients, rating 16 symptoms on a scale from
0 (i.e. not experienced at all) to 4 (i.e. a severe
problem). The key measure was the cumulative total
of all symptoms.

General procedures

Patients were assessed within 1 week of injury (mean
5.5�3.0 days) and then at 3 months (90�5.5
days), 6 months (182� 15 days) and 12 months
(365� 14 days). Controls completed the same
number of assessments at the same time intervals.
Patients completed the RPSQ in each session while
controls completed it once to establish a control
base-line.

Statistical analysis

Most measures were not normally distributed and,
therefore, non-parametric Wilcoxon MatchedPairs
statistics were used to compare patients and controls
at 1 week and at 3, 6 and 12 months post-injury.
The analysis at 12 months included only 31 matched
pairs, due to six patients not returning for their
1-year follow-up. Differences between groups were
considered significant at a two-tailed p value �0.05.
No formal adjustment was made to preserve the
Type I error rate as this study was primarily viewed
as a screening study identifying putative deficit
measures which may be further examined for clinical
use. Based on a previous work in the area of eye
and arm motor function after mild CHI [31, 32],
37 subject pairs were considered sufficient to provide
adequate power (>80%) to ensure detection of
group differences on measures of clinical relevance
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(an effect size of 0.5 or more at a two-tailed
� ¼ 0.05).

Results

Eye movement performance

Saccades—reaction times. The group with CHI had
deficits on saccadic reaction times at 1 week, but not
at 3, 6 or 12 months post-injury. At 1 week, the group
with CHI demonstrated prolonged anti-saccade
latencies (Figure 1(a)) and a trend towards prolonged
correction times for erroneous prosaccades in the
anti-saccade task (CHI mean�SD: 129� 54
vs. control mean�SD: 109� 54 ms, p¼ 0.066).

No deficits were detected for simple reflexive latency,
latency of directional errors (erroneous prosaccades)
in the anti-saccade task or the inter-saccadic
latency of self-paced saccades. No statistically
significant group differences were detected on any
saccadic latency measure at 3, 6 or 12 months
post-injury.

Saccades—velocity. The group with CHI exhibited
normal saccadic velocities on all tasks throughout
the year (data not shown).

Saccades—directional errors. The group with CHI
made considerable directional errors in memory-
guided sequences but not the anti-saccade task.

Figure 1. Oculomotor deficits during the first year post-injury: anti-saccade latency (a) and directional errors on sequences of
memory-guided saccades (b). Error bars show standard errors.
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At 1 week, the participants with head injury
had more directional errors in their performance
of memory-guided sequences of saccades (Figure
1(b)). There were no differences in the number of
directional errors (erroneous prosaccades) during
the anti-saccade task (24.7�20.5 vs. 19.3�13.6%,
p¼ 0.414). At 3 months, the group with CHI
continued to show an increased number of direc-
tional errors on sequences of memory-guided
saccades (Figure 1(b)), whereas rates of erroneous
prosaccades in the anti-saccade task were the same
in both groups (18.2�18.1 vs. 15.1� 11.5%,
p¼ 0.825). At 6 and 12 months, there were no
abnormalities in directional saccade errors.

Saccades—motor accuracy. The participants with
head injury exhibited persistent saccadic inaccuracy
on memory-guided sequences and anti-saccades

for several months post-injury. At 1 week, the
group with CHI showed markedly poorer spatial
accuracy on the mean absolute position error
of final eye position in antisaccades (Figure 2(a))
and sequences of memory-guided saccades (Figure
2(b)). The patients demonstrated normal spatial
accuracy on reflexive saccades, although there was
a trend towards very slight hypometria, both for
primary (Gp 0.96� 0.05 vs. 0.98� 0.04, p¼0.056)
and final reflexive saccade gain (Gf 1.0� 0.02 vs.
1.01�0.02, p¼ 0.078). Accuracy of self-paced
saccades was normal throughout the year.

At 3 months the group with CHI continued
to exhibit an increased absolute position error
in anti-saccades (Figure 2(a)) and sequences of
memory-guided saccades (Figure 2(b)). The slight
hypometria on reflexive saccades observed at 1 week
remained at 3 months, showing a minor group

Figure 2. Oculomotor deficits during the first year post-injury: mean absolute position errors of anti-saccades (a) and sequences
of memory-guided saccades (b). Error bars show standard errors.
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difference on primary (Gp 0.95� 0.04 vs.
0.98� 0.04, p¼ 0.034) and final reflexive saccade
gain (Gf 0.99� 0.02 vs. 1.01� 0.01, p¼ 0.004).
At 6 months, a clear deficit remained on the absolute
position error in sequences of memory-guided
saccades (Figure 2(b)), but by 12 months, no
deficits in saccadic accuracy were observed on
any task.

Saccades—timing and rhythm of memory-guided

sequences. Timing of saccades (absolute time
index) was normal at 1 week (1.02�0.14 vs.
0.99� 0.12, p¼ 0.4) and remained normal through-
out the year. Similarly, the ability to keep a steady
rhythm within sequences was not impaired
(0.09� 0.04 vs. 0.08� 0.03, p¼0.3) and remained
unimpaired.

Oculomotor smooth pursuit. At 1 week, the group
with CHI had a slowed average peak tracking
velocity on fast sinusoidal smooth pursuit (60� s�1)
(Figure 3(a)) in conjunction with an abnormal
pursuit tracking lag on the same task (Figure 3(b)).
There were no group differences in average peak
velocity or lag with the slower (i.e. 40� s�1) sinusoidal
and (fast) random smooth pursuit tasks but there
was a trend towards a prolonged random tracking
lag in the patient group (44.05� 14.8 vs. 37.78�

15.2 ms, p¼ 0.086). Performance on these two tasks
remained normal at 3, 6 and 12 months.

By 6 months, the patients continued to have
slowed average peak velocity on 60� s�1 sinusoidal
pursuit (Figure 3(a)) and a marginally slowed
average peak velocity and abnormal lag on this task
at 12 months post-injury (Figure 3(b)).

Figure 3. Oculomotor deficits during the first year post-injury: average peak velocity and lag of fast sinusoidal oculomotor smooth pursuit
(a and b, respectively). Error bars show standard errors.
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Upper-limb visuomotor performance

The group with CHI had long-term impairments
in upper-limb visuomotor function, including poorer
upper-limb movement accuracy and slowed ballistic
arm movement velocity up to 12 months post-injury.

At 1 week, no deficits were found on visual acuity,
visual resolution, static visual perception, dynamic
visual perception or arm movement steadiness
and these measures remained normal throughout
the year.

Conversely, the group with CHI had prolonged
arm movement reaction time (Figure 4(a)) and
markedly reduced (ballistic) arm movement peak
velocity (Figure 4(b)). The patient group showed
increased mean absolute errors on all non-preview
1-D tracking tasks, these being sine tracking

(Figure 5(a)), random tracking (Figure 5(b)) and
step tracking (Figure 5(c)), with a trend towards
increased mean absolute error on random-preview
tracking (5.33� 1.6 vs. 4.71� 1.4 mm, p¼ 0.059).
Similarly, at 1 week, the patients had prolonged lag
on sine tracking (Figure 6(a)), random tracking
(Figure 6(b)), random-preview tracking (81.0�63.8
vs. 53.8�64 ms, p¼ 0.035) and step tracking
(Figure 6(c)). No deficits were found on sine-
preview tracking and performance on this task
remained normal at 3, 6 and 12 months.

At 3 months, arm movement reaction time of the
group with CHI had improved to normal (Figure
4(a)), while arm movement velocity remained
impaired (Figure 4(b)). Similarly, mean absolute
errors remained impaired on sine tracking

Figure 4. Upper-limb motor measures during the first year post-injury: arm movement reaction time (a) and upper-limb movement
peak velocity (b). Error bars show standard errors.
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Figure 5. Upper-limb motor measures during the first year post-injury: mean absolute errors on sine (a), random (b) and step tracking (c).
Error bars show standard errors.
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(Figure 5(a)) and step tracking (Figure 5(c)).
In addition, there was a trend towards a higher
mean absolute error on random tracking in the
patient group (Figure 5(b)). The patient group also
exhibited prolonged tracking lags on sine tracking
(Figure 6(a)), random tracking (Figure 6(b)) and step
tracking (Figure 6(c)).

At 6 months, the group with CHI continued
to have slowed arm movement velocity (Figure 2(b))
and prolonged tracking lag on sine tracking
(Figure 6(a)) and step tracking (Figure 6(c)). The
deficits on all other measures of upper-limb motor
accuracy had improved to non-significant levels.

At 12 months, no difference was detected on arm
movement peak velocity ( p¼ 0.094) (Figure 4(b))
and the deficits on the visuomotor tracking tasks
had resolved except for step tracking in which lag
was impaired (Figure 6(c)) and mean absolute error
marginally impaired (Figure 5(c)).

Neuropsychological testing

No deficits were found on the PASAT (2.4, 2.0, 1.6
and 1.2 s pacing), TMT A/B time-to-completion
or errors and the WASI (including Vocabulary and
Matrix Reasoning T-scores) throughout the first year
post-injury. At 1 week, the group with CHI showed
deficits only on the SDMT (z-score –0.07� 0.93 vs.
0.56� 1.04, p¼ 0.007) and CVLT (Figures 7 and
8). The impairments of the patient group on the
CVLT comprised lower scores on the total standard
score (Figure 7(a)), short delay free recall
(Figure 7(b)), short delay cued (Figure 7(c)), long
delay free recall (Figure 8(a)), long delay cued recall
(Figure 8(b)) and List A/trial 5 (Figure 8(c)). The
patients did not differ on serial or semantic cluster
scores, meaning that the controls were not better
naming the shopping items in correct order and both
groups had the same tendency to group the items
into their categories (i.e. fruit, tools, spices, etc.)
when naming them. The group with CHI showed
preserved item recognition (recognition hits)
but showed some difficulty in the differentiation
between true items and non-items during long-
delay recognition (recognition discriminability,
�0.38�0.72 vs. �0.11� 0.52, p¼ 0.053).

At 3 months, the patient group showed deficits
only on the CVLT, comprising lower scores on total
standard score (Figure 7(a)), short delay free and
cued recall (Figures 7(b) and (c)), as well as long
delay free and cued recall (Figures 8(a) and (b)).
At 6 months, deficits remained only on CVLT total
standard score (Figure 7(a)), short delay cued recall
(Figure 7(c)) and long delay free recall (Figure 8(a)),
while short delay free recall and long delay
cued recall showed only marginal differences
(Figures 7(b) and 8(b)). At this point, deficits on

List A/trial 5 resurfaced (Figure 8(c)), although this
measure had been normal at 3 months. The group
with CHI also showed a lower score on recogni-
tion discriminability (–0.11� 0.46 vs. 0.11� 0.31,
p¼ 0.017) indicating that the patients still experi-
enced problems in differentiating between true items
and non-items during long-delay recognition,
although item recognition (recognition hits) was
preserved (as observed at 1 week and 3 months).
At 12 months, no cognitive deficits remained, with
the exception of a marginal group difference on the
CVLT total standard score (Figure 7(a)).

Health assessment measures

At 1 week, the patient group had comparatively high
scores on the cumulative total of the Rivermead
Post-concussion Symptoms Questionnaire (RPSQ)
(19.81� 11.72 vs. 4.08� 5.42, p<0.001)
(Figure 4). Over 91% of patients reported an
injury-related increase in levels of RPSQ-symptoms
(i.e. with a score of 2 or higher it was considered at
least a mild problem by the reporting patient) and no
patient was entirely symptom-free (Table I).

At 3 months, the RPSQ total score had improved
but remained abnormally high (9.81� 9.89 vs.
4.08�5.42, p< 0.001) (Figure 9). Similarly, the
CHI group had improved, yet abnormal rates of post-
concussional complaints, with 59.5% of patients
reporting symptoms with a score of 2 or higher
(i.e. an injury-related increase in symptom levels)
(Table I). Only 16.2% were entirely symptom-free.

At 6 months, the average level of post-
concussional symptoms was still higher in the
group with CHI compared to the control baseline
level (RPSQ total 10.24� 10.65 vs. 4.08� 5.02,
p< 0.001) (Figure 9). Over 51% of patients con-
tinued to report post-concussional symptoms with
a score of 2 or higher, whilst only 13.5% of patients
were entirely symptom-free (Table I).

At 12 months, the RPSQ total of the patient group
remained at an increased level similar to 6 months
(10.13� 11.96 vs. 4.39� 5.74, p¼ 0.020) (Figure 9)
and more than 50% of the remaining 31 patients
continued to report scores of 2 or higher on at least
one post-concussional symptom on the RPSQ, with
only 38.7% being entirely symptom-free at 1 year
post-injury (Table I).

Discussion

The principal and novel finding of this study, the
first to serially examine oculomotor and upper-limb
visuomotor function after mild CHI, is evidence
of previously unreported persistent eye and arm
motor deficits during the first 12 months after mild
head trauma. The group with CHI had prolonged

816 M. H. Heitger et al.



Figure 6. Upper-limb motor measures during the first year post-injury: Lag on sine (a), random (b) and step tracking (c). Error bars
show standard errors.
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Figure 7. California Verbal Learning Test: CVLT total standard score (a), short delay free recall (b) and short delay cued recall (c).
Error bars show standard errors.
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Figure 8. California Verbal Learning Test: Long delay free recall (a), long-delay cued recall (b) and CVLT List A/trial 5 (c).
Error bars show standard errors.
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deficits on several motor tasks including anti-
saccades, memory-guided sequences, fast sinusoidal
smooth pursuit, upper-limb step, sine and random
tracking as well as ballistic upper-limb movement
peak velocity. Coupled with previous work [31–33],
this finding indicates a consistent and reproducible
impact of mild head trauma on eye and arm
motor control.

The finding of motor impairment persisting
beyond 1 week of mild head trauma suggests an
unexpectedly profound adverse impact of mild head
trauma on eye and arm motor control and the
cerebral components mediating motor function.
The profile of motor deficits at 1 week conveyed
a picture of multi-focal dysfunction very similar to
that discussed previously [31–33] and consistent
with cerebral abnormalities seen in imaging studies
after mild CHI [7, 9–12, 59]. The composition
of eye and upper-limb motor deficits persisting
beyond 1 week is consistent with a prolonged
impairment of motor functions originating in frontal
cortical areas (i.e. supplementary motor area,
primary and pre-motor cortex), posterior parietal
cortex and hippocampal formation, areas shown
by functional imaging to be adversely affected at
3 and more months after mild CHI [9–12, 59, 60].

The deficits in motor function gradually improved
during the first year post-injury, reflecting an
ongoing recovery process, parallel to the improved
symptom profile. Even though a small performance
improvement on some measures was also apparent
in the controls—this indicating the influence of
practice effects—the group with CHI performed
consistently worse than the controls with statistically
significant deficits persisting up to 6 and, in the case
of upper-limb step tracking and fast sinusoidal
smooth pursuit, 12 months post-injury.

It might be argued that these motor impairments
could equally have been caused by cognitive deficits,
in particular factors related to attention, rather
than disturbances in motor processing due to a
physical impact of head trauma on the networks
for motor control. However, any relevant impair-
ment of cognitive/attentional factors should have
manifested in statistically significant group differ-
ences on the PASAT, SDMT, TMT (especially
time-to-completion and errors on the TMT B [61])
and the CVLT attention-span factor derived from
first recall of List A and List B [62]. Preserved
performance on the PASAT and TMT suggests
preservation of cognitive functions such as
sustained and divided attention, information

Figure 9. Mean total scores on the Rivermead Post-concussion Symptoms Questionnaire (RPSQ) throughout 1 year post-injury.
Error bars show standard errors.

Table I. Recovery throughout the first year.

Rivermead Post-concussion Symptoms Questionnaire 1 week 3 months 6 months 12 months

(a) Patients who are entirely symptom-free (%)* 0.0 16.2 13.5 38.7
(b) Patients without injury-related increase in RPSQ symptom levels (%)** 8.1 40.5 48.6 48.4

*This is a sub-group of group B. **No scores of 2 or higher on any symptoms (i.e. no symptom is more pronounced than pre-injury).
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processing capacity, short-term and working
memory [41, 63–67]. The group with CHI showed
transient deficits on the SDMT at 1 week, which
suggests impaired speed of information processing at
this point in time [55], but the SDMT abnormalities
had recovered by 3 months. The absence of any
statistically significant deficits beyond 1 week on the
PASAT, SDMT and TMT, in combination with
the preserved performance on the WASI, indicates
largely normal levels of cognitive functioning,
good levels of attention, working memory and
speed of information processing in the patient
group and supports the conclusion that the impaired
motor performance was not caused by deficits in
these functions.

The inability of neuropsychological testing, with
exception of the CVLT, to document a recovery
profile emphasizes the notion that motor testing
may provide a sensitive and useful marker of residual
brain dysfunction, particularly in patients who
present with persistent post-concussional symptoms
or complaints months after their injury. In contrast
to the concomitant occurrence of neuropsychologi-
cal impairment (i.e. on tests such as PASAT, SDMT
and TMT) and oculomotor deficits (i.e. reflexive,
anti- and memory-guided saccades) after severe
head injury [41], the findings indicate that deficits
in motor function are still apparent after mild
CHI, whilst cerebral dysfunction, with the exception
of deficits on verbal learning/declarative verbal
memory, may not necessarily manifest in detectable
neuropsychological deficits beyond 1 month of mild
CHI. These observations are consistent with pre-
vious evidence that mild CHI is unlikely to reliably
produce persisting psychometric abnormalities
[24, 68–71]. In addition, the likelihood of abnormal
neuropsychological performance indicating the
presence of a pathological condition is low following
mild head trauma [27] due to the susceptibility
of neuropsychological testing to pre-morbid intelli-
gence and other factors such as age, level of
education, state of employment and socioeconomic
status [24–26]. The current and previous [32]
observations support the conclusion that instrumen-
ted motor testing is unaffected by these factors
and can indicate the presence of ongoing dysfunc-
tion at a level not easily accessible with conventional
neuropsychological assessment after mild CHI.

Limitations of the current study

Whilst this study uncovered the presence of persis-
tent eye and upper-limb visuomotor deficits after
mild CHI, it has to be acknowledged that the level of
impairment was subtle and that any useful applica-
tion of motor testing in a clinical context after mild

CHI should not be based on the assessment of a few
isolated motor measures. The current findings imply
that it is unlikely that there are ‘master-measures’
(i.e. single measures of motor function that can be a
sole indicator of pathology in individuals). The step
of an useful transformation of the current (group-
level) motor deficits into an application with utility
for individual patients suffering from mild CHI can
only be achieved by way of regression-based model-
ling, ideally using larger groups. Such models should
be able to channel the effect detected in the current
study into a format that allows the discrimination
between normal and abnormal motor performance
on an individual level and thereby open a pathway
for the potential use of motor ability as a marker of
functional impairment in the absence of gross
movement deficits. Preliminary work on this issue
suggests that such models will likely include several
key measures that manifest deficits at a sample size
of n¼ 37 in addition to other variables with weaker
performance gradients that do not show significant
deficits in small samples but still contribute in a
useful manner to identifying patients with abnorm-
alities in brain function after mild CHI. There are
also indications that such modelling may allow the
very efficient use of early motor assessment to
predict adverse outcome during the first 6 months
after mild head trauma [72].

Conclusion

The results suggest that motor assessment as
employed in the present study may provide a new
and objective way of screening for the presence of
residual brain dysfunction in the months following
mild head trauma. This study has shown that
unsuspected eye and arm motor deficits can persist
for several months post-injury using techniques
which can objectively detect and measure such
deficits. The susceptibility of eye and arm motor
function to deficits throughout the first year follow-
ing mild CHI suggests that the instrumented
assessment of motor function may be useful in
providing sensitive and objective markers of cerebral
dysfunction. Such independent markers may be of
value in confirming injury status and ongoing
cerebral dysfunction in patients who present with
reports of persistent post-concussional symptoms
and complaints in the months post-injury.
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