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Abstract

Objective: Mild closed head injury (CHI) can impair performance on volitional saccades (fast eye movements), with poorer
saccade accuracy being one of the principal deficits. Assessing a patient group with known deficits of volitional saccades, the
authors investigated whether mild CHI similarly impairs the implicit adaptation of visually-guided (reflexive) saccades, an
important process which maintains saccadic accuracy.

Methods: Within 2 weeks following mild CHI, 30 patients and 30 matched controls were compared on a computerized para-
digm, which artificially induced saccadic adaptation. In response to an initial stimulus, subjects made a saccade during which
the stimulus was displaced centripetally causing the initial (primary) saccade to be inaccurate. While these intra-saccadic
changes remained unnoticed by the subjects, the displacements gradually caused adaptive saccadic hypometria.

Results: No differences in adaptation were found between the CHI group and the controls (F(1,29) =0.51, p =0.48). This
finding indicates that mild CHI does not impair implicit reflexive saccade adaptation and suggests that cerebellar function
and functions of deeper brain structures such as the thalamus, superior colliculus and the basal ganglia may be largely
preserved following mild CHI. The current results support the notion that the profile of oculomotor function after mild

CHI reflects a centripetal gradient of impairment and relates closely to the functional integrity of the injured brain.

Introduction

Mild closed head injury (CHI) has been shown to
cause considerable neural injury throughout the
brain [1-7]. On the Glasgow Coma Scale (GCS),
the most frequently used clinical tool to grade head
injury severity, scores between 13 and the maximum
of 15 are classified as mild cases. The traditional
interpretation of the term ‘mild’ CHI includes a
brief loss of consciousness in combination with a
post-traumatic amnesia (PTA) duration of less than
24 hours followed by disturbances of neurological
function [8]. Although mild CHI can produce
focal lesions in fronto-temporal cerebral areas,
most of the neural damage occurs in the form of
non-focal diffuse axonal injury (DAI), which
results from the rotational shear forces occurring
in the brain at the time of the injury. The degree
of DAI is related to head trauma severity
and decreases centripetally from cortical to sub-
cortical structures [9-11], although it can extend

into the deeper white matter and into the brain
stem [12].

The cerebral networks concerned with the control
of saccades are of considerable complexity and incor-
porate several cortical and sub-cortical structures as
well as the cerebellum. These networks are suscepti-
ble to the adverse effects of neural injury: mild CHI
causes deficits of volitional saccades such as anti-
saccades, sequences of memory-guided saccades
and self-paced saccades, while reflexive saccades
remain unaffected [13, 14]. The corresponding
saccadic deficits reported previously by the authors
comprised prolonged latencies of pro-saccade-
errors in the anti-saccade task, a trend to longer
anti-saccade latencies and prolonged inter-saccadic
latencies of self-paced saccades following mild
CHI. In addition, the group with CHI showed an
increased number of directional errors on sequences
of memory-guided saccades, marginally increased
numbers of directional errors in the anti-saccade
task and markedly decreased accuracy of anti- and
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memory-guided saccades, with larger absolute posi-
tion errors and hypermetria of saccades in both
these paradigms. The same patient group was also
tested on the paradigm examining implicit (subcon-
scious) adaptation of visually-guided (reflexive) sac-
cades presented herein. This paradigm assessed
motor functions, which, in contrast to volitional sac-
cades, elude conscious control and are mediated pre-
dominantly by deeper, sub-cortical brain structures
and the cerebellum. Hence, this experiment exam-
ined aspects of oculomotor function that are not
otherwise accessible by volitional motor tasks and
aimed to provide information on the impact of mild
head trauma on implicit motor learning.

The adaptation of saccadic gain (eye movement
amplitude relative to distance to target) based on
the accuracy of prior saccades is an important
mechanism of the brain to maintain the accuracy of
saccades in a natural environment. This adaptation
process is essential for saccadic accuracy as the
short duration of saccades (<100ms) prevents
the ‘in-flight’ incorporation of visual feedback.
Consequently, the amplitude of each saccade is pro-
grammed before its initiation and cannot be altered
once the eye movement has been initiated. Most sac-
cades are very close to the intended amplitude, yet
processes such as ageing and disease may reduce
their accuracy over time. In order to maintain sac-
cade accuracy, systematic error signals are taken
into account for the programming of future saccades
of similar size and direction via the process of sac-
cadic adaptation. Saccadic adaptation constitutes a
form of implicit (subconscious) learning and
the viewer remains unaware of it. This adaptation
process enables the brain to compensate for the
adverse effects of ageing or disease on oculomotor
accuracy (see MacAskill et al. [15] for a review)
and is observed in myasthenia gravis [16], oculomo-
tor paresis [17], oculomotor muscle weakness [18] or
macular degeneration [19].

Although saccadic adaptation occurs naturally, it
can also be artificially induced in the laboratory
using surreptitious intra-saccadic target displace-
ments to experimentally introduce saccadic inaccu-
racy. The experimental principle to introduce
saccadic adaptation was first put into practice by
McLaughlin [20]. Since then, many studies have
examined the phenomenon of saccadic adaptation
[21-29] and the saccadic suppression of displace-
ment, that is the inability of the viewer to perceive
intra-saccadic target shifts [30].

Over recent years, it has become apparent that the
involvement of cerebral regions in the mediation of
saccadic adaptation varies between different saccadic
tasks. Lesion studies [31-33] and imaging evidence
[34] indicate that the cerebellum is predominantly
responsible for the adaptation of visually-guided

(reflexive) saccades. The adaptation of general
volitional saccades, however, may be mainly
mediated by the frontal eye field (scanning
saccades) or the dorsolateral pre-frontal cortex
(memory-guided saccades) [35]. In addition, there
are suggestions that structures which are functionally
further ‘downstream’ in the initiation of saccades,
such as the basal ganglia, are also important for
these adaptation processes [29].

This study aimed to measure the impact of mild
CHI on reflexive saccade adaptation and is, to the
authors’ knowledge, the first to address implicit
motor learning in the context of head trauma.

Methods
Subjects

Thirty patients (11 female and 19 male) with mild
CHI (Glasgow Coma Scale score 13: two cases, 14:
five cases, 15: 23 cases) were recruited from patients
presenting with acute head injury to Christchurch
Hospital (the principal hospital for a population
pool>400000 within the South Island of New
Zealand). Each of the 30 patients had experienced
post-traumatic amnesia ranging between 3 minutes
and 4 hours (mean —=34.4 minutes). Twenty-five
patients had a confirmed loss of consciousness
(mean=2.6, range 1-15 minutes). Mean age was
22.2 years (SD 7.1, range 15-37 years) and mean
years of education was 12.8 (SD 1.86). CT head
scans were undertaken in seven CHI subjects and all
were normal. All patients were either employed or
attended institutions for secondary or tertiary educa-
tion and none was involved in litigation. Exclusion
criteria were: evidence of any influence of alcohol or
psychoactive drugs at the time of injury, regular
intake of psychoactive drugs or a history of drug
abuse, central neurological disorder or psychiatric
condition, structural brain damage or haematoma on
CT head scan (were obtained), oculomotor or
somatomotor deficits upon clinical examination,
presence of strabismus, Snellen visual acuity 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 matched with
respect to age (within 3 years for patients >18
years, within 1 year for patients <18 years), gender
and educational background (years of formal educa-
tion, within 2 years for patients >18, within 1 year for
subjects <18). Mean age for the control group was



22.4 years (SD 7.0, range 15-37 years) and mean
years of education was 13.2 (SD 2.1). The project
was approved by the local ethics committee and writ-
ten consent was obtained from all participants.
Subjects were compensated for their travel costs to
attend the testing at the hospital but received no
other payments.

Apparatus and procedure

All patients were tested within 16 days of their injury
(M=6.46, SD 3.3, range 3-16 days). Eye move-
ments were recorded using the infra-red scleral
reflection oculography technique [36] (IRIS, Skalar
Medical, BV, Delft, The Netherlands). Eye position
signals were low-pass filtered at 100 Hz, sampled and
digitized at 200 Hz and recorded by a PC for off-line
analysis [37]. 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
(a red square target, subtending 0.75°, front-
projected onto a video screen 1.72m in front of the
subject). The stimulus jumped horizontally within a
sector of between —15° and +15° of centre. The eye
tracker was calibrated at the start of the session and
between tests.

Adapration paradigm

The paradigm included seven consecutive test
blocks, each of 49 saccade trials—a baseline block
(simple reflexive paradigm, no intra-saccadic target
displacements, see Figure 1(a)), followed by five
adaptation blocks (with intra-saccadic target
displacements, see Figure 1(b) and (c)), followed by
a final test block, which was a repetition of the
baseline block, as seen in Figure 1(d).

In the two blocks without intra-saccadic target
displacements (baseline block and final test block),
the stimulus initially appeared at the centre of the
screen. It then disappeared and immediately
re-appeared at a different location (14, 16, 18, 20,
22 or 24° left or right of the previous position) with
a simultaneous tone and remained at that position
for a variable length of time (1000-2000ms). The
subject made a saccade to the new location, which
served as the starting point for the next trial.

In the five adaptation blocks, the stimulus was
always displaced centripetally by 12.5% of its initial
amplitude when the initial (primary) saccade reached
a 30°s™! threshold. This displacement was always
completed before the eyes completed the saccade to
the next position [38]. The displaced target then
remained in place for 1000—2000ms to allow the
subject to re-fixate.
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At the beginning of the adaptation process (see
Figure 1(b)), the eyes simply followed the stimulus,
resulting in a primary saccade (Saccp,im) in response
to the initial stimulus movement (Stim;,;) and a cor-
rective saccade in response to the intra-saccadic
target displacement. At the end of the adaptation
process (see Figure 1(c)), the stimulus was still
being displaced, but the primary saccades were
now directed towards the displaced stimulus position
and only few centripetally-directed corrective sac-
cades were present. Hence, the saccadic system
learned to ‘ignore’ the initial stimulus movement in
favour of direct saccades to the ‘expected’ final (i.e.
displaced) stimulus position. This ‘artificial’ hypo-
metria remained in the final (post-adaptation) test
block (see Figure 1(d)), where the stimulus was no
longer displaced. Consequently, the primary sac-
cades were hypometric, falling short of the initial
(and in this block also final) stimulus position and
were followed by corrective movements, resulting
in a ‘step-like’ pattern of most saccades in this final
block.

The key measure was the gain of the primary sac-
cade (G, = SacCpyim/Stim;y,;;) made to the initial stim-
ulus position, where Saccpim is the size of the
primary saccade towards the stimulus and Stim;,;
is the initial stimulus amplitude before displacement.

Data analysis

Mixed-design ANOVA was used to analyse differ-
ences in mean saccade gain between the baseline
block and the final (fifth) adaptation block for each
group. The between-group variable was Group
(CHI vs control). The within-group variable was
Adaptation (baseline vs adaptation block 5). For
this analysis, adaptation block 5 was used rather
than the final baseline block, as the mean primary
gain of the final (post-adaptation) block, while still
being hypometric, already incorporated a small
amount of ‘un-learning’, that is the readjustment of
saccadic gain in response to the missing target
displacements in the final test block. Differences
between groups were considered statistically sig-
nificant at a two-tailed p value <0.05.

In addition, a comparison of exponential regres-
sion curves fitted to the adaptation data set (adapta-
tion block 1-5) of each subject was conducted.
Regression curves were fitted based on non-linear
estimation using the function

G(n) = Gi — (G, — G,)e ™™

for each saccade trial #n over all 245 saccade trials
across the five consecutive adaptation blocks, where
G, represents the initial primary gain value at the
beginning of the adaptation process and G; the
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Figure 1. Adaptive paradigm. Line traces represent stimulus position and eye position. Upward line displacements describe
stimulus and eye movements to the right, downward to the left. Sample recordings displaying the stimulus and a subject’s
performance are shown for the initial (pre-adaptation) baseline block (a), no intra-saccadic target displacements, the first of
five adaptation blocks (b), with intra-saccadic target displacements, the last adaptation block (c), with intra-saccadic target
displacements and the final (post-adaptation) test block (d), no intra-saccadic target displacements.



asymptotic level of gain. The parameter t serves as a
measure of the half-life of the time (i.e. number of
saccade trials) taken for gain to reach the asymptotic
level.

Results

There was a statistically significant main effect for the
within-group variable Adaptation (i.e. before vs after)
(F(1,29)=287.06, p<0.0001), showing that both
the group with CHI and the controls adapted in
response to the test paradigm. Conversely, there was
no statistically significant main effect for the
between-group variable Group (i.e. control vs CHI)
(F(1,29)=0.75, p=0.39), showing that the mean
gain of the primary saccades did not differ between
the groups. Furthermore, there was no statistically
significant interaction effect between Group and
Adaptation (F(1,29)=0.51, p=0.48), indicating
that there was no significant difference in the extent
of adaptation between the subjects with CHI and the
controls (see Figure 2).

Further investigation using exponential regression
analysis of the individual adaptation curves (see
Figure 3(a)) produced similar findings. In nearly
30% of subjects in both groups (nine CHI and
eight control subjects), an exponential regression
line could not be fitted in a meaningful way (see
Figure 3(b)), resulting in a near linear fit with corre-
spondingly distorted G; and 1 values. Including these
cases in the analysis distorted the mean Gj-value
(ideally between 0.85-0.9) to a large negative
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figure.  Subjects with  ‘linear fits’ were,
therefore, removed from the comparison of the key
parameters G; and 7. Subsequent analysis of these
variables using a t-test for independent samples
showed no significant differences in adaptation
(CHI vs controls: mean G; of 0.88 vs 0.86,
p=0.44; mean v of 100.6 vs 117.6, p=0.76).
These results indicate that both the participants
with CHI and the control subjects adapted with
equal speed and by an equal amount.

Discussion

The group with CHI showed no differences in
reflexive saccade adaptation and both groups
adapted equally well in response to the paradigm.
These results indicate that neural damage caused
by mild CHI does not impair reflexive saccadic
adaptation.

The observation of preserved implicit oculomotor
learning after mild CHI is consistent with earlier
reports of preserved implicit cognitive learning, but
impaired explicit cognitive learning after head
trauma [39-41]. The current subjects were
also assessed on several neuropsychological tests
with high cognitive loads, including the California
Verbal Learning Test (CVLT), a measure of explicit
cognitive learning. Similar to other neuro-
psychological studies after mild head trauma, the
group with CHI displayed deficits on the CVLT

[14], demonstrating impaired explicit learning
processes.
W CHI
OControls
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block block 1 block 2
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Group adaptation over 7 test blocks

Figure 2. Mean saccadic adaptation over all paradigm blocks in the experiment. In the initial baseline block, both groups
showed (normal) slight hypometria in their primary saccades towards the stimulus. Over the course of the adaptation blocks
1-5, both the CHI group and the controls adjusted the gain of their primary saccade in order to direct their gaze towards the
final (i.e. centripetally displaced) stimulus position. This (subconscious) adaptation process resulted in increasing
hypometria relative to the initial (pre-displacement) stimulus position. This hypometria remained in the final (post-
adaptation) test block (without target displacements). Note that the mean primary saccade gain in the final test block was
larger than in adaptation block 5, showing that the saccadic system had already started to readjust the learned hypometria

centrifugally in response to the non-displacing stimulus.
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Figure 3. Exponential regression curves fitted to the adaptation blocks 1-5 of two control subjects (a and b, respectively).
Shown are examples of a successful exponential fit (@) and an ‘exponential’ fit with almost linear characteristics (b).

In nearly a third of subjects in each group, the pro-
file of the saccade adaptation did not seem to occur
in the form of an exponential gain decrease but
appeared to follow a linear trend. Straube et al.
[32] reported a similar phenomenon in an unspeci-
fied number of their subjects. While this seems to
support the interpretation that the classic exponential
learning ‘curve’ [42] might not be a universal feature
of saccadic gain adaptation, the present results may
not warrant the conclusion that there are sub-types
of ‘linear’ and ‘non-linear’ implicit learners. The
authors speculate that the observation of ‘linear
curves’ may have been due to large inter-trial varia-
bility obscuring the proper fit of an exponential
regression line in a sub-set of subjects.

Previous evidence indicates that adaptation of
reflexive saccades occurs predominantly in the cere-
bellum [31-34, 43]. Thus, the present finding of
normal saccadic adaptation indicates that cerebellar
function is largely spared in mild CHI and supports
the interpretation of preserved functional integrity
of cerebro-thalamo-cortical communication, which
is thought to be essential to saccadic adaptation
processes [44]. This interpretation is supported by
the report of largely preserved oculomotor smooth
pursuit after mild CHI [14], as this oculomotor
function is also mediated by, amongst other
structures, the cerebellum [45, 46].

The deficits of volitional saccades in the same
patient group, such as increased saccadic latencies,



decreased number of self-paced saccades, higher
number of directional errors on memory-guided
sequences and decreased saccade accuracy of anti-
saccades and memory-guided saccades [13, 14] indi-
cate the disruption of saccadic functions originating
in frontal and dorso-parietal cortical areas. Since cor-
tical areas such as the frontal eye field and the dorso-
lateral pre-frontal cortex are thought to be involved
in the adaptation of volitional saccades [35], the
authors believe that the adaptation of memory-
guided saccades or other volitional saccades might
be adversely affected by mild head trauma. Further
studies are warranted to examine the metric adapta-
tion of volitional saccades following head trauma.

The current findings indicate that neural
injury resulting from mild CHI with a loss of con-
sciousness of limited duration is not likely to reach
deeper cerebral structures, such as the thalamus,
superior colliculus, basal ganglia, the brainstem or
the cerebellum in the majority of patients. This inter-
pretation is consistent with suggestions of a centripe-
tal gradient of impact forces causing neural damage
in CHI [9-11], with the impact forces resulting
from mild CHI being too weak to reach deeper
brain regions in most cases. Interestingly, this patient
group showed simultaneous impairment of motor
functions originating in frontal and parietal cortical
areas while motor functions originating in sub-
cortical areas and the brainstem were preserved,
such as saccadic peak velocities [14] and, as shown
in the present experiment, adaptation of reflexive
saccades. This finding is intriguing as it suggests
that the centripetal injury-gradient of concussion
[9, 10] and the commonly observed structural
pathology of mild CHI is reflected in the profile of
eye movement dysfunction after mild head trauma.
There is considerable evidence that mild TBI
adversely affects predominantly frontal, temporal
and parietal cerebral areas, while damage to deeper
brain areas is progressively smaller and much less
frequent [3, 6, 7, 47-51].

Limitations of the current study

Despite multiple reports that mild head trauma is
highly likely to cause neural injury and subsequent
functional deficits, the present study has the limita-
tion of not being able to compare the observed level
of motor function to functional imaging evidence
(e.g. fMRI of SPECT) of neural injury in the current
patient group. Hence, while the detailed knowledge
of the functional neuroanatomy of eye movements
allows one to make inferences on the location and
degree of functional impairment in the brain, and the
pattern of impaired and preserved motor functions in
the current CHI patient group is consistent with the
notion of a centripetal gradient of neural injury,
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specific correlations between degree and location of
neural injury and motor function after mild CHI
remain to be examined by future studies.

Concluding remarks

The preservation of implicit learning and subcon-
scious motor processes suggested by the current
experiment adds an important element to the model
of a close association between the pattern of
oculomotor impairment and the commonly observed
cerebral pathology after mild head trauma. These
results support earlier notions of a very close
relationship between motor performance and the
biological status of the injured brain [52] and
subsequent suggestions for the utility of instrumen-
ted motor testing to gauge the functional integrity of
the injured brain independently of psychometric
status and patient-self-report [14, 52-54].
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