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The neural circuitry engaged in supporting eye movements has been well characterized,
but fundamental questions remain about the necessity and sufficiency of the individual
hemispheric contributions. To gain a better understanding of the neural correlates of oc-
ulomotor control, we measured horizontal smooth pursuit tracking behavior in 14 patients
following childhood hemispherectomy. Relative to developmentally typical age-matched
controls, patients exhibited a bilateral and asymmetric pursuit deficit with reduced ipsi-
lesional but elevated contralesional eye speeds, and asymmetric accompanying ‘catch up’
saccades. The atypical pursuit behavior could not be explained by a sensory deficit asso-
ciated with their hemianopia, as patients adjusted their eye position to maintain visibility
of the target. The pursuit deficit was also not accounted for by a general motor impairment
as patients made faster catch-up saccades than controls, particularly in the ipsilesional
direction. These results, all of which hold irrespective of whether the right or left hemi-
sphere is resected, demonstrate that patients can compensate for reduced pursuit speeds
by modulating their saccade characteristics. Overall, this study represents the most
comprehensive characterization of smooth pursuit disturbances in hemispherectomy pa-
tients. Our results elucidate: 1) the competence of a single hemisphere for generating
pursuit and compensatory behaviors; 2) the lack of a hemispheric bias supporting pursuit
given large-scale cortical disruptions; and 3) that intact horizontal pursuit likely requires
the interaction of brain circuitry across both hemispheres.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rapid and accurate encoding of visual information by ob-
servers requires precise sampling by eye movements.
Whereas for stationary objects this is primarily accomplished
by saccadic eye movements, for moving targets, eye move-
ments must pursue the target and compensate for changes in
retinal position to maintain the target on the fovea for
maximal visual acuity (“smooth pursuit”). Eye movements
involved in pursuit are mediated by bihemispheric cortical
networks and the current study evaluates the relative
contribution of each cerebral hemisphere to smooth pursuit.
To determine target velocity and maintain the appropriate eye
position, smooth pursuit requires multiple sources of retinal
and extraretinal information (Lencer & Trillenberg, 2008) and,
unsurprisingly, engages a host of brain regions (Berman et al.,
1999; Luna et al., 1998; Luna & Sweeney, 1999; Sharpe, 2008). In
the human pursuit system, neuroimaging studies have
demonstrated that retinal and extraretinal information about
motion reaches V5, where it is then sent to more anterior re-
gions. The frontal eye fields (FEF) in particular, are thought to
be involved in generating the smooth pursuit motor com-
mand, as well as a range related functions including antici-
pation and attention. In addition, other frontal
(supplementary eye fields, dorsolateral prefrontal cortex,
anterior cingulate) and parietal (parietal eye fields, posterior
parietal cortex, precuneus) are also thought to support in-
teractions with cognitive processes like attention, prediction,
and inhibition as they relate to smooth pursuit control. Many
of these areas also have interactive connections to the basal
ganglia and cerebellum, which also process extra retinal in-
formation. These cortical and subcortical areas are largely
homologous across humans and non-human primates, as
revealed in functional MRI and single-neuron physiological
studies (Berman et al., 1999; Schall & Thompson, 1999). Such
studies also indicate considerable overlap of the neural cir-
cuits for pursuit and for saccadic movements (Krauzlis, 2004;
Petit, Clark, Ingeholm, & Haxby, 1997), though pursuit areas
tend to be more inferior and posterior than the larger saccade
areas. Moreover, while all of these areas work bilaterally,
lesion studies in humans and neurophysiological studies in
monkeys have suggested that directional control varies across
areas and may have some laterality, such as predominant
ipsilateral control in FEF. Despite this, specific role of each
hemisphere and how it interacts with the other hemisphere
requires further investigation for a more complete under-
standing of the pursuit system.

Here, we examine the contribution of a single cerebral
hemisphere to the control of smooth pursuit and saccade
behavior, including whether and to what degree differences
exist between the left versus right hemisphere. Hemispheric
biases might be expected given the lateralization of other
functional domains in humans, including those that interact
with oculomotor control, such as attention and category
recognition (Banich, 2004; Behrmann & Plaut, 2020; Blauch,
Vin, Plaut, & Behrmann, 2025-a; Bradshaw, 1989). Studies of
patients with unilateral cortical lesions to area V1 or V5/MT
have documented deficient smooth pursuit, especially in the
ipsilesional direction, accompanied by saccades, which help

the eyes ‘catch up’ to the target. This ipsilesional deficit is also
present after lesions to many other sites although hemi-
spheric differentiation was not the focus of these papers
(Thurston, Leigh, Crawford, Thompson, & Kennard, 1988).
Parallel findings have also been reported in studies of pri-
mates with lesions or inactivation of area MT in early
extrastriate cortex (Dursteler, Wurtz, & Newsome, 1987) and
the frontal eye fields (FEF) in prefrontal cortex (Shi, Friedman,
& Bruce, 1998).

Although ipsilesional pursuit defects with saccadic inter-
ruption arise after either circumscribed right (Barton, Sharpe,
& Raymond, 1996; Morrow & Sharpe, 1990) or left hemisphere
lesions (Thurston et al., 1988), there have been no direct in-
vestigations of hemispheric differences (Lekwuwa & Barnes,
1996a, 1996b; Morrow & Sharpe, 1993a, 1993b; Tusa, Zee, &
Herdman, 1986). One proposal is that each hemisphere me-
diates smooth pursuit only in the ipsilateral direction (Daroff
& Hoyt, 1971; Mowrer, 1936) with lesions resulting in
abnormal ipsilateral pursuit (Dell’Osso & Troost, 1977; Troost,
Daroff, Weber, & Dell'Osso, 1972). But other studies have
documented more complex oculomotor changes, raising the
possibility of more mixed tuning as suggested by atypical
ipsilateral and contralateral pursuit after unilateral damage
(Sharpe, 2008). Efforts to address the hemispheric distinction
have characterized smooth pursuit in right or left hemi-
spherectomy patients (Estanol, Romero, Saenz de Viteri,
Mateos, & Corvera, 1980; Sharpe, Lo, & Rabinovitch, 1979;
Troost, Daroff, et al., 1972), although these studies largely
involved just a single or a few cases and, as such, were unable
to compare the contributions of each hemisphere.

Here, in a relatively large group of 14 individuals with
childhood hemispherectomy, we characterize eye movement
behaviors during smooth pursuit. We delimit the capabilities
of a single hemisphere, either left or right, for supporting
pursuit and determine whether general sensory or motor
factors account for the oculomotor deficit. Because pursuit
behavior emerges late in development (Accardo, Pensiero, Da
Pozzo, & Perissutti, 1995; Luna, Velanova, & Geier, 2008) and
deficits can resolve after surgery (Keating, 1991; Yamasaki &
Wurtz, 1991), to permit direct comparisons, we ensured that
typically developing controls were well-matched to the pa-
tients (Morrow & Sharpe, 1990; Sharpe et al., 1979). Elucidating
the nature of pursuit movements and compensatory saccades
and any directionality of deficits as a function of hemisphere
may advance our understanding of the competence of a single
hemisphere and the neural circuit underlying these critical
and ubiquitous oculomotor behaviors.

2. Methods and materials
2.1. Participants

Fourteen patients who had undergone childhood hemi-
spherectomy participated in this study. Ten patients had a left
hemispherectomy (LH; left hemisphere removed), and four
had a right hemispherectomy (RH; right hemisphere
removed). Age at test did not differ significantly across those
with left (M = 18.22, SD = 5.64) versus right-sided (M = 20.90,
SD = 7.71) resection (t(12) = -.73, P = .48). All patients had
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contralesional hemianopia, and visual acuity in the intact field
was normal or corrected-to-normal. Other vision-related di-
agnoses are noted in Table 1, along with age at test, age at
surgery, and age at seizure onset.

The control group consisted of 11 age- and sex-matched
right-handed participants with no neurological history and
normal or corrected-to-normal visual acuity (median age at
test = 15.4 years, range: 13.2 - 23.5; see Table 1). We recruited
controls to be matched with individual patients within two
years of age, resulting in eight controls matched to those with
left hemispherectomy (‘LH-matched’) and three matched to
those with right hemispherectomy (‘RH-matched’). While we
intended to recruit a control to match each patient, toward the
end of our recruitment phase, we struggled to recruit well-
matched controls. However, even with only 11 participants,
the quantity of the data in the controls already exceeded that
of the patients; all 11 controls, with one exception, completed
16, 10-sec trials, while one completed 12. Controls overall
completed 172 trials, while patients completed 88. From this
perspective, the data in the patients were well-matched in
quantity, strengthening our confidence in the findings. When
comparing age at time of testing, the LH-matched (M = 15.94,
SD = 3.49) and the RH-matched (M = 16.69, SD = .54) control
subgroup showed no significant difference from their
respective patient groups on a two-sided t-test (LH vs LH-
matched: t(16) = 1.00, P = .33; RH vs RH-matched: t(5) = .92,
P = .39). The LH-matched and RH-matched controls also were
similar to each other (t(9) = -.36, P = .73). Because the groups
were small and the absence of a significant P-value can indi-
cate a lack of power, rather than a lack of difference, we also
computed a Bayes Factor analysis for all subgroup compari-
sons on age at test in which the Bayes Factor (BF) was
computed as the ratio of the likelihood of the alternative hy-
pothesis (a difference in age) to the likelihood of the null (no
difference in age). All comparisons resulted in a BF < 1, indi-
cating no clear evidence in favor of either null or the alter-
native hypotheses (LH vs RH patients: BF = .50; LH patients vs
LH-matched controls: BF = .58; RH patients vs RH-matched
controls: BF = .69; LH-matched vs RH-matched controls:
BF = .53). Given that our initial t-tests did not show a signifi-
cant difference between any patient and control subgroups in
age at test and Bayes Factor did not provide conclusive evi-
dence to contradict a lack of difference, we completed all
analyses described in later sections without controlling for
age. Our sample size was not determined before data collec-
tion and based on the availability of relevant subjects. Par-
ticipants or their guardians (if under 18 years old) gave
informed consent and/or assent according to a protocol
approved by the Carnegie Mellon University and the Univer-
sity of Pittsburgh Institutional Review Boards. Participants
were paid for their participation.

2.2. Stimulus presentation

The participant was seated in a dimly lit room 60 cm from the
monitor, which subtended 47.9° horizontally and 27.9° verti-
cally. A filled white, near circular target (approximately .4° in
diameter) on a gray background was shown on a 24” LCD
monitor with a 60 Hz refresh rate (see Fig. 1a). Stimulus pre-
sentation was controlled by Psychtoolbox 3.0.18 (Brainard,

1997; Kleiner et al., 2007) via Matlab 2022a operated on a Dell
laptop running Ubuntu/Linux OS.

2.3. Procedure

Participants completed a sinusoidal horizontal smooth pur-
suit task in which they followed the movement of a smoothly
moving target with their eyes (see Fig. 1a). Participants’ heads
were stabilized using a chinrest (SR Research), and monocular
(typically left eye) eye tracking data were recorded using an SR
Research EyeLink 1000 Plus with a sampling rate of 2000 Hz.

Participants were instructed to follow the “ball” bouncing
across the screen. On each trial, the participant fixated the
target which appeared in the center of the screen. Then the
target began immediately moving in a sinusoidal fashion,
moving in one direction before reversing direction and ending
in the center after three full sinusoidal cycles out to an ec-
centricity of 10°. Starting directions (right or left) were alter-
nated on each trial, and the first trial in a block always began
with rightward movement (Fig. 1a). A single trial lasted 10 s.
Patients completed at least one block, consisting of four trials
(4 patients completed 2 blocks, 2 patients completed 3 blocks).
Control participants completed 4 blocks except for one who
completed 3 blocks. Given limited time for data collection and
the simplicity of the task, practice trials were foregone.

2.4.  Analysis

For the analyses below, to match controls to the patients
closely, we recruited a well-matched control to be paired with
a patient; this control ‘inherited’ the ipsilesional or contrale-
sional directions of movement from the matched patient. For
example, a LH patient's leftward movement was ipsilesional
and rightward movement was contralesional. The patient's
matched control was assigned the same designation despite
having two intact hemispheres, with leftward movement
being ipsilesional and rightward movement being contrale-
sional. Eight controls were assigned leftward to be ipsilesional
and rightward to be contralesional and three controls had the
reverse designation. All control data (participants and di-
rections) were used in every analysis (see Analyses for more
detail).

2.4.1. Eye position data

Eye position data were normalized to the start of the trial and
converted to degrees of visual angle. Blinks were removed
using a threshold based on EyeLink parameters and refined
using visual inspection (Stampe, 1993). Blink epochs were
linearly interpolated using Matlab's ‘interp1’ function. Visual
and statistical analyses were completed with Matlab R2022a
and R Statistical Software version 4.3.1, except for the Bayes
Factor analysis described above, which required R Statistical
Software version 5.0.0.

2.4.2. Saccade removal and quality check

To focus on changes in pursuit behavior, we first removed
intervening saccades for each trial from the data. We used the
eye velocity to identify saccades by computing the derivative
of horizontal eye position using Matlab's ‘diff’ function. The
velocity traces were then filtered using a Savitzky—Golay filter



Table 1 — Demographics and summary statistics.

Patient Sex Age at Test (years) Hemispherectomy Age (years) Seizure Surgery Side Reported Cognitive Ability Non-Hemianopic
Onset Age Visual Deficit
LE F 123 9 16 months L Significantly impaired None
EC M 13.9 4 Unknown L Not reported None
IB F 14.2 3 14 months L Moderately impaired Bilateral glaucoma; amblyopia
NM F 14.9 10 4 months 1L Mildly impaired Strabismus
EB F 15.4 1 Birth L Moderately impaired None
BI F 16.2 1 12 months R Average ability Blind right eye; nystagmus
HI F 16.5 4 6 months L Moderately impaired Corrected astigmatism
XC M 17.0 .92 Birth R Mildly impaired None
LN M 18.0 3 7 months R Mildly impaired L Eye % field deficit
ML M 19.2 12 or 13 4 years 1L Moderately impaired None
FO F 20.3 4 20 months L Moderately impaired Corrected astigmatism;
Nearsightedness
TS M 25.3 7 Birth L Above average ability Corrected nearsightedness; R
amblyopia
BD F 30.1 6 Birth L Above average ability Corrected nearsightedness
ocC F 32.4 8 4 years R Not reported Corrected vision
Summary statistics
Age of test (years) Hemispherectomy Years Age at Test t-test P-value/BF
age (years) since surgery
Patients Mean 19 5.3 13.7 Left vs right patients
Median 16.8 4.1 14.7
Range 12.3-32.4 .9-1.0 3.3-244 P = .48/BF = .50
Left Hemispherectomy Mean 18.2 6.2 12.1
Median 16 5.1 11.9 Patients vs. Controls
Range 12.3-30.1 1.0-13.5 3.3-244
Right Hemispherectomy Mean 20.9 3.2 17.7 All P = .17/BF = .75
Median 17.5 2.0 15.6
Range 16.1-32.4 .92-8.0 15.0—-24.4 LH vs LH-Matched P = .33/BF = .58
Controls Mean 16.1 = =
Median 15.4 = = RH vs RH-Matched P = .39/BF = .69
Range 13.2-23.5 = =
Matched to Left Hemispherectomy Mean 15.9 = = LH- vs RH-matched controls
Median 14.3 = =
Range 10.3 - -
Matched to Right Mean 16.8 = =
Hemispherectomy Median 16.8 = = P = .73/BF = .53
Range 16.4-17.3 = =

Table 1. Demographic and clinical information for each patient (top). All patients had hemianopia and hemiplegia on the contralateral side. Summary demographic information (mean, median, range

of age at test) also included for all subgroups (bottom), as well as age at surgery and years since surgery for the patients.
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a) Sinusoidal Smooth Pursuit Task
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Fig. 1 — a) Illustration of the horizontal sinusoidal smooth pursuit task. Here, the target is at the center starting position. The
target moves sinusoidally leftward and rightward on each trial (double-headed arrow). b) Eye position traces (solid lines)
from a single trial for three participants (rows) - control (top row; black), left resection patient (middle row; magenta), and
right resection patient (bottom row; cyan). The sinusoidal target position is represented by a gray dashed trace. Areas of
stable, linear-like slopes in either direction indicate epochs of successful smooth pursuit, whereas step-like changes in
position indicate saccades. Example saccades are highlighted by a yellow line overlying the trace. c) Eye position traces from
all trials in the same three subjects illustrate accurate bidirectional pursuit in the control and pursuit interrupted by

frequent saccades in the ipsilesional direction of patients.

with a window of 200 samples (Matlab's ‘smoothdata’ function
with filter type ‘sgolay’). This filter has been previously used
for eye movement data and was chosen for its ability to pre-
serve local minima and maxima (Nystrom & Holmgvist, 2010).
We found that neither standard velocity thresholds nor trial-
based baseline thresholds consistently worked on our highly
variable, limited trial patient data to identify saccades.
Therefore, we instead removed saccades from each trial using
visual inspection on the speed traces, leaving only pursuit
epochs in the data. Saccade characteristics (normalized peak
velocity and amplitude) were extracted at the time the

saccades were identified and removed from the pursuit traces.
To ensure that our manual removal process was successful
and we included only true saccade data to the extent possible,
we examined the position traces of the putative saccades
identified to determine velocity and amplitude thresholds
outside of which the putative saccades were more likely ar-
tifacts than saccades. We also considered known limitations
of the head-supported eye-tracking system - which typically
can only measure amplitudes as low as .25—.5° - in deter-
mining these thresholds. After this iterative threshold setting
and testing process, putative saccades with values less than
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300°/s in velocity or 70° in amplitude, and greater than 1.75°/s
in velocity or 1.00° in amplitude were considered veridical
saccades and included, resulting in 66.8% of the data being
preserved.

2.4.3. Pursuit speed analyses

We quantified the directional pursuit speed (absolute value of
velocity) for each participant. We used peak pursuit eye-
relative-to-target speed (hereafter “peak relative eye speed”,
or simply “speed”) as the dependent measure, obtained by
subtracting the absolute target speed from the absolute eye
speed. Using the absolute speed permitted left-right (and ul-
timately ipsilesional-contralesional) directionality to be
analyzed along the same axis such that more negative values
indicate slower, and more positive values indicate faster, peak
relative eye speeds, regardless of direction. We measured the
peak relative eye speed in the trial segments in which the
target traversed the entire width of the screen, excluding the
half-screen trajectory at the beginning (center-out) and end
(out-center) of each trial.

These center-crossing segments were of particular interest
because the target accelerates to its peak speed at the center
of the screen and slows to its trough at the edges of the screen.
Because the targets crossed the center of the screen five times
in a single trial, five peak relative eye speeds were extracted
from each trial. Directionality was defined as ipsilesional and
contralesional relative to surgery side; ipsilesional and con-
tralesional designations for controls were assigned based on
the surgery side of the matched patient, as described in the
Analysis section above.

2.4.4. Analysis of number of saccades

The number of saccades made in each direction was
computed for comparing directional differences in the gen-
eration of saccades. Because such counts was confounded by
the total number of trials completed per participant, we
analyzed the average proportion of saccades per trial for each
group and saccade direction. Finally, saccades can be made in
either direction independent of the target movement, but
saccades made in the same direction as the target are more
likely ‘catch-up’ saccades to correct a lag behind the target
while those in the opposite direction are more likely ‘back-up’
saccades to rectify leading the target. To understand whether
saccades were catch-up or back-up, we also computed and
reported the proportion of saccades made in the same or
opposite direction than the target direction.

2.4.5. Auvailability of sensory information
Patients with hemianopia do not receive sensory visual in-
formation from the contralesional visual field and this may
play a causal role in the pursuit deficit. To acquire the needed
sensory information (i.e. the entire target in view) in the
sighted ipsilesional field, eye position must be adjusted just to
the contralesional side of the target for movements in both
directions. If this adjustment is present in our patients, we can
infer that the target was visible, and the pursuit deficit was not
a result of the hemianopia per se.

For this analysis, the eye position traces [rather than ve-
locity as in the Pursuit Speed Analysis] were filtered using a
Savitzky—Golay filter with a window of 200 samples, we again

focused on the five center-crossing segments in each trial.
Because of intervening saccades (removed for this analysis),
each segment could have multiple pursuit epochs. For each
segment, the position of the target was subtracted from the
eye position across all epochs to yield a measure of the eye-
relative-to-target position (ERTP). Per participant, ERTP tra-
jectories for each pursuit epoch were plotted as a function of
target direction to highlight directional differences in the eye
position, with positive ERTP values indicating eye position
leading the target and negative values indicating lagging the
target (Fig. 4).

In the comparison of eye position adjustment across
groups and target directions, we computed the slope of each
pursuit epoch as the difference between the end and begin-
ning ERTP for that epoch divided by the duration of that epoch.
Notably, calculating the slope across each epoch produces a
summary of the direction of the continuous ERTPs rather than
a punctate, single time-point measure of relative speed as in
the peak relative eye speed analysis above. Thus, this metric
estimates the direction in which the eyes move relative to the
target, independent of the starting or end point. We then
averaged the ERTP slopes across pursuit epochs within each
trial segment per participant, resulting in five ERTP slopes per
trial for every participant.

2.4.6. General oculomotor disruption

It is also possible that a general depletion of precise motor
control following hemispherectomy, might affect smooth
pursuit. To assess whether the patients had an across-the-
board deficit in oculomotor control, we used the well-known
main sequence of saccades as an index of eye movement
control (Zuber, Stark, & Cook, 1965). Thus, we characterized
the relationship between saccade velocities and amplitudes
calculated by group and saccade direction and examined de-
viations from the main sequence relative to the controls. If no
deviation was observed in patients, we could infer that the
smooth pursuit deficit was likely not attributable to a deficit in
motor control similarly affecting all eye movements (for
example, motor slowing for all eye movements).

2.5. Statistical methods

Because the patient group is relatively small and is also
divided by side of hemispherectomy, for each analysis, we
first evaluated whether there were differences between the
left versus right resection cases. If the differences were not
statistically significant (P > .05), we combined the data across
the RH and LH patients to increase the statistical power of the
patient group. The comparison was accomplished using the
modified t-test for comparing single cases to a larger group
(Crawford & Garthwaite, 2004). Specifically, because there
were fewer RH than LH patients, we determined whether each
RH patient (n = 4) fell within the distribution of the LH patient
data set (n = 10), separately for ipsilesional and contralesional
directions for each metric of interest. No analysis revealed
consistent or across-the-board differences between the LH
and RH patients. These findings reflected the clear absence of
significant hemispheric differences, and so the data were
combined. We used the same approach to compare the subset
of controls that were RH-matched and LH-matched, in their
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respectively assigned ipsilesional and contralesional di-
rections. Again, no analysis revealed a consistent difference
between the LH-matched and RH-matched controls and so the
data were combined into a single control group. Subsequent
analyses define eye movement direction as ipsilesional and
contralesional for both patients and their matched control
rather than left and right, unless otherwise noted.

Unless otherwise stated, we compared the patient and
control groups by direction using Analysis of Variance. How-
ever, prior to any patient versus control group comparisons,
we evaluated the homogeneity of variance using Levene’s Test
and the normality of the distribution using the Shapiro—Wilk
Test following the removal of outliers. We removed outliers
using a standard defining criteria of greater than the
3rd quartile + 1.5*Interquartile Range (IQR) or less than the
1st quartile — 1.5*IQR. Exclusion criteria were not determined
before data collection. Our goal in removing outliers was to
identify points that might unreasonably disrupt the skew of
the bulk of the data, while preserving the integrity of the
distribution. Since patient data can be highly variable, we
chose the IQR method in contrast to methods that use stan-
dard deviation cut-offs because the quartile method should be
less sensitive to extreme values. No analysis had more than
10% of points removed as outliers. If determined to be suit-
able, we then used Type III ANOVA for these analyses, given
its robustness to unbalanced distributions and minimal
violation of assumptions. We also computed eta-squared (n?)
to determine the effect sizes. For all group-level analyses,
Group (Controls, Patients) was considered a between-subjects
factor and Direction (Ipsilesional, Contralesional) a within-
subjects factor. We included main effects and interactions
between factors in the ANOVA. We subsequently analyzed the
direction of any significant main effects, and, for significant
interactions, used estimated marginal means pairwise com-
parisons with Bonferroni correction. For consistency of
reporting group effects, P-values greater than .001 are all re-
ported as their full values and otherwise are reported simply
as P < .001. To justify the removal of outliers and confirm the
robustness of our results, we also computed all assumptions
checking, ANOVA, and follow-up tests without the outliers
removed. The primary effects were identical or near identical
when the outliers were included, only with weaker effect
sizes, across all analyses. Where differences exist, they are
noted independently in the relevant Results sections.

As is increasingly common in human lesion studies, ana-
lyses are done both at the group level and at the single subject
level to ascertain the replicability of the profile across indi-
vidual patients. Thus, we assessed whether individual pa-
tients showed a significant difference in ipsi-versus
contralesional pursuit, and, thus, compared the difference
score (ipsilesional—contralesional speeds) for each individual
patient to the distribution of the difference (ipsilesio-
nal—contralesional) scores in the control group using the
Revised Standardized Difference Test (RSDT) which uses
Bayesian methods for the effect size interval estimate
(Crawford & Garthwaite, 2005). To zero in on specific ipsi- or
contralesional deviations from the control distribution, we
also performed modified single-case Crawford—Howell two-
sided t-tests comparing a single patient's value against that
of the entire control group, separately for each direction

(Crawford & Garthwaite, 2004). Finally, we also computed
within-participant t-tests comparing their ipsilesional and
contralesional directions. For all single participant analyses in
which single controls were compared to the control group,
each individual control was left out from the control distri-
bution when that individual was tested. Finally, given variable
and small numbers of trials per participant, we did not remove
outliers on individual data to preserve as much data as
possible. Because reporting every individual P-value for the
single-case tests would be onerous, we report the smallest
value under which the P-values fell in a given group of tests (e.
g. all P < .001), or if there were no significant differences, we
report that all the P-values were >.05. Detailed tables of the
results for each participant are available in the supplementary
materials (Supplementary Tables 1-20).

3. Results
3.1. Characterizing pursuit function

Our first goal was to examine any differences in smooth pur-
suit function between left and right resection groups, and
then between the patient and control groups. We specifically
examined whether the deficit was evident for ipsi- and/or
contralesional eye movements, and, if bilateral, whether the
deficit was directionally symmetric (Estanol et al., 1980;
Sharpe, 2008; Troost, Daroff, et al., 1972).

Fig. 1b displays the eye position traces for a single trial for
three representative subjects on the sinusoidal pursuit task:
control (top), LH resection (middle), and RH resection (bottom).
Fig. 1c displays data aggregated across all trials for the same
three participants. Traces with positive slopes indicate
movements in the rightward direction, those with negative
slopes indicate movements in the leftward direction, and
those with zero degrees of visual angle indicate the center of
the screen. Negative values occur when the eye position is left
of center, and positive when right of center, independent of
movement direction. In the control participant, eye position
(solid black trace) closely followed the target position (dashed
dark gray trace). In the LH resection patient, ipsilesional
movement (leftward) exhibited step-like changes in eye po-
sition indicative of saccades but contralesional movement
(rightward) resembled the control performance. The RH pa-
tient also showed frequent step-like saccades during ipsile-
sional movement (rightward) and smoother contralesional
movement (leftward) with some saccades. This profile was
mirrored in the aggregated data across trials (Fig. 1c) and
suggests a robust pursuit deficit that is more pronounced in
the ipsilesional direction but may also be present in the con-
tralesional direction, albeit to a lesser degree.

3.1.1. Peak relative eye speed analysis

Given the apparent disruption of pursuit in the patients, we
quantified pursuit by comparing ipsilesional and contrale-
sional peak relative eye speeds. To do so, we measured the
mean of each participant's peak relative eye speeds in the ipsi-
and contralesional directions, resulting in fifty values, one for
each direction for 25 participants. Outliers greater than the
3rd quartile + 1.5*Interquartile Range (IQR) or less than the
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26.44 + 5.53.

1st quartile — 1.5*IQR of the data in any subgroup, were
removed (five data points removed in total). This same outlier
definition was used in subsequent group analyses. Outliers
were only removed for group analyses.

After confirming that the right and left groups could be
combined (all P > .05), initial assessment of mean peak relative
eye speeds in each Group (Controls, Patients) x Direction
(Ipsilesional, Contralesional) revealed that homogeneity of
variance across groups was statistically violated (Levene's Test:
F(3, 41) = 3.54, P = .02), but there was no evidence for non-
normality on a Shapiro—Wilk test across all groups (W = .96,
P =.11) or for each of the four Group x Direction cells (Controls
Ipsilesional: W = .88, P = .12; Controls Contralesional: W = .88,
P = .11, Patients Ipsilesional: W = .95, P = .66; Patients Con-
tralesional: W = .94, P = .49) after removal of five outliers.
Given some violations of assumptions, we adopted the Type III
ANOVA for the group analysis.

3.1.2. Group

A Group (Controls, Patients) x Direction (Ipsilesional, Con-
tralesional) Type I1II ANOVA with mean peak relative eye
speeds as the dependent measure revealed an interaction of
Group x Direction, which had a large effect size, (F
(1,41) = 44.14, P < .001, n*> = .52) as well as a main effect of
Direction with a large effect size, (F(1, 41) = 43.03, P < .001,
7> = .51), but no evidence of a main effect of Group, (F
(1,41) = 1.47, P = .23, ° = .03) (see Fig. 2). Pairwise estimated
marginal means comparisons within each Direction level
clarified the interaction by confirming that, relative to con-
trols, patients had significantly reduced peak relative eye
speeds in the ipsilesional direction (EMM = 5.49, P < .001), but
elevated contralesional speeds (EMM = —3.89, P < .001). Within

the groups, controls showed no evidence of a difference be-
tween the two directions (EMM = .06, P = .96), while patients
showed significantly reduced ipsilesional relative to con-
tralesional speeds (EMM = —9.67, P < .001). These relationships
are visualized and confirmed in Fig. 2a. While peak relative
eye speeds for controls fell largely on the unity line (black
symbols), peak relative eye speeds for patients were system-
atically offset from the unity line. Fig. 2b shows that patients
had both reduced ipsilesional and elevated contralesional
speeds, but to a greater extent for the former than latter,
relative to controls. When outliers were included, patients did
not reveal significantly reduced speeds relative to controls in
the ipsilesional direction (EMM = 1.48, P = .12), though the
elevation of contralesional speeds relative to controls
(EMM = —3.13, P = .003) and the reduction relative to their own
contralesional direction held (EMM = —5.09, P < .001). Overall,
these results suggest that patients exhibit asymmetric
disruption of pursuit speeds when comparing directions, and
this asymmetric ipsilesional reduction and contralesional
elevation separates them from controls.

3.1.3. Single-participant analysis

To explore whether the group profile was mirrored in the
single participant data, we compared the peak relative eye
speed for each participant (single control to the remaining
control distribution on a leave-one-out basis and single pa-
tient against the whole control distribution). We first assessed
the within-participant directional asymmetry (difference
score for ipsi- and contralesional using RSDT) in peak relative
eye speed for all participants. Fig. 3 illustrates the individual
participant eye speed data in each pursuit direction. Positive
values are faster, and negative values are slower than
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controls. These analyses were performed on the means of the
distributions rather than the medians in Fig. 3. No control
participant fell significantly outside the control distribution
(P > .05) but, in sharp contrast, 10/14 patients exhibited
significantly larger differences between the two directions
relative to the control group (all P < .05).

Closer inspection of the single participant peak relative eye
speeds separately for the ipsi- and contralesional direction
revealed that, relative to the control distribution, in the ipsi-
lesional direction, 0/11 controls but 9/14 patients showed
significantly different peak relative eye speeds (P < .05), all but
one of which indicated a reduction in speed. In the contrale-
sional direction, 0/11 controls but 4/14 patients showed
significantly elevated peak relative eye speeds, with two
additional patients' results being close to significant (EC: t
(426) = 1.89, P = .059, NM: t(426) = 1.95, P = .052). When
comparing the two directions to each other, 4/11 controls and
11/14 patients showed significant differences between the two
directions (P < .01). The four individual controls’ that differed
in the two directions did so in an inconsistent way (two con-
trols had greater ipsi-than contralesional and two had lower
ipsi-than contralesional distributions), while all patients had
reduced ipsilesional relative to contralesional speeds.

3.2. Saccade count analysis

Since controls do not have asymmetries in maintaining eye
speed, we expect a similar number of saccades in both pursuit
directions. In contrast, because patients have disproportion-
ately reduced eye speeds in the ipsilesional than

contralesional direction, we expect more saccades in the
former than latter; however, patients may also make more
saccades in either direction if they have a bidirectional
disruption in pursuit function. Because raw saccade counts
may be confounded by the number of trials participants
completed, we evaluated these relationships by computing
the average proportion of saccades for each participant made
in each direction per trial (total saccades per direction/total trials
participant completed). This resulted in 50 data points, one
average proportion for each participant in each direction.
Here, the direction variable refers to the saccade direction, not
the target movement direction. After confirming that LH and
RH patients and LH- and RH-matched controls could be
combined (only two RH patients had a clear significant dif-
ference from the LH group [BI: t(9) = 5.55, P < .001; LN: t
(9) = 3.092, P < .01]] in the ipsilesional direction, with no other
differences), we computed the group and single-participant
analyses as described above.

Group analysis revealed three outlier data points, which
were removed based on the criteria described above. Neither
the homogeneity of variance (Levene's Test: F(3, 41) = .19,
P = .90), nor the normality assumptions (Shapiro—Wilk Test: All
Participants: W = .96, P = .17; Controls Ipsilesional: W = .94,
P = .48; Controls Contralesional: W = .96, P = .79; Patients
Ipsilesional: W = .95, P = .58; Patients Contralesional: W = .91,
P = .18) demonstrated evidence of being violated. A Group x
Direction Type-III ANOVA on the average saccade proportions
revealed a significant Group x Direction interaction with a
large effect size (F(1, 41) = 49.00, P < .001, * = .54), supported
by an underlying main effect of Direction also with a large
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effect size (F(1,41) =49.77,P <.001, 7= .55), but no evidence of
a main effect of Group (F(1, 41) = 5.74, P = .15, > = .05). Follow-
up comparisons clarified that controls did not significantly
differ in saccade proportions in the two directions
(EMM = —.037, P < .97), but patients made more saccades in the
ipsilesional than contralesional direction (EMM = -10.3,
P < .001). In the ipsilesional direction, patients made more
saccades than controls (EMM = —5.95, P < .001), but in the
contralesional direction, controls made significantly more
saccades than patients (EMM = 3.93, P < .0037). When the
outliers were included, a main effect of Group became near
significant, but still did not exist and had a very weak effect
size (F(1, 46) = 3.62, P = .06, n* = .07); all follow-up comparisons
exhibited identical findings. Overall, these results suggest that
while the presence of interrupting saccades is not unusual in
either group, patients produced them asymmetrically in
concordance with their deficit in pursuit speed: in the ipsile-
sional direction of reduced speed, patients made more
saccades.

To further confirm this saccade-pursuit complementarity,
we computed a linear regression predicting the saccade pro-
portion from the mean peak relative eye speed from each
participant. After removing the 7 outlier points described in the
sections above (5 peak relative eye speed, 3 saccade proportions
outliers), we found a significant negative relationship between
peak relative eye speed and saccade proportions, such that
slower speeds result in more saccades (B = —.88, F(1, 38) = 56.23,
p < .001). Peak speed explained 59% of the variance in saccade
proportions (R? = .59), thereby confirming the reciprocal rela-
tionship between pursuit speed and number of saccades with
more saccades present in cases of reduced speeds.

When examining any asymmetry on a single participant
level (difference between the two directions using RSDT)
compared to controls, only one controls showed a significant
asymmetry in proportion of saccades relative to the control
group (US: t(9) = 3.16, P = .012), while 12/14 patients did (all
P = .05, with an additional patient nearly significant [OC: t
(10) = 2.12, P = .060]). When evaluating each direction sepa-
rately, no controls differed significantly from the control
group in either the ipsilesional or contralesional direction.
However, 9/14 patients differed from controls’ saccade pro-
portions per trial in the ipsilesional direction, having more
saccades (all P = .05)), and 4/14 (all P < .05)) differed in the
contralesional direction with fewer saccades. These results
confirm that individual patients produce saccades asymmet-
rically during pursuit. For this analysis, directly comparing
ipsilesional to contralesional values in each participant was
not possible as each participant only had one summary value
in each direction.

Finally, to understand whether the ipsilesional and con-
tralesional saccades were likely ‘catch-up’ (same direction as
the target motion) or ‘back-up’ (opposite direction as the
target motion), we consider the percentage of saccades made
in the same or opposite direction relative to the target in each
direction. For controls, 98.8% and 1.2.% of the 1190 ipsilesional
saccades were in the same and opposite direction, respec-
tively, similar to the distribution for the 1234 contralesional
saccades in which 98.6% and 1.4% were in the same and
opposite direction respectively. For patients, 92.8% of the 1048
ipsilesional saccades were in the same direction, while 7.2%

were in the opposite direction; similarly, 92.2% and 7.8% of the
396 contralesional saccades were in same and opposite di-
rection, respectively. Overall, most saccades for both groups
were likely catch-up saccades; whereas controls had similar
numbers of saccades in each direction, patients had more
than twice the number of saccades in the ipsilesional direc-
tion than contralesional, most of which were in same direc-
tion, confirming that ipsilesional catch-up saccades are
inherent to the deficit profile.

3.3. Factors contributing to the oculomotor deficit

Having characterized the pursuit deficit and its asymmetry as
well as the complementary interrupting saccades in the pa-
tients, we then explored whether a deficit in sensory and/or
motor function might explain the oculomotor behavior of the
patients.

3.3.1. Auvailability of sensory information
Hemispherectomy patients are hemianopic and the lack of
visual information might drive the atypical pursuit function.
To ensure that the target is visible in their sighted field, pa-
tients must shift their gaze to the contralesional side of the
target with the result that the eyes would slightly lag the
target during ipsilesional movement and slightly lead the
target during contralesional movement. Moreover, to stabilize
the target at a fixed distance near the fovea, the eyes need to
maintain a relatively constant position relative to the target
during pursuit. A consistent adjustment of the eye position
trace should thus exhibit a relatively flat slope (see Fig. 4a),
while changes in the distance between eye position and target
should manifest as diagonal slopes. If patients show the same
generally flat-sloped profile as the controls (perhaps with a
different intercept than controls), they, like the controls,
would be maintaining eye position stable relative to the target.
As we see below, the patients do not exhibit a flat slope, and
further analysis reveals that their eye position is slightly
shifted in either a leading or lagging direction relative to the
target.

Fig. 4 demonstrates the eye-relative-to-target position
(ERTP) patterns for a representative control and two patients.
We measured the ERTP per participant to determine 1)
whether eye position led or lagged the target (orange or green
regions), and 2) whether the distance between eye position
and the target remained constant over time, as indicated by
the slope of individual pursuit epochs. As expected, the con-
trol's relative eye position was largely centered on the target
(horizontal black line) and showed largely flat slopes
throughout pursuit epochs in both directions (Fig. 4a). How-
ever, for both patients, LH (Fig. 4b) and RH (Fig. 4c), eye posi-
tion ultimately lagged the ipsilesional target, as indicated by
the negative slopes of eye position traces shifting vertically
downward into the green region, falling progressively further
behind the target during pursuit. In the contralesional direc-
tion, both patients exhibited a mix of flat and upward trending
slopes across pursuit epochs, indicating greater target stabi-
lization than in the ipsilesional direction (Goettker, Braun,
Schiitz, & Gegenfurtner, 2018).

To quantify the data, we computed the central tendencies
of the ERTP slopes in each epoch across segments in each
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Fig. 4 — a) Control subject data illustrating the eye position
relative to the target during pursuit. Red traces represent
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hemispherectomy patient are shown, where lagging
predominates.

direction. This resulted in fifty data points per metric, one in
each direction across twenty-five participants. We then fol-
lowed a similar sequence for statistical analysis as with the
peak relative eye speed analysis. Only one RH patient (Patient
BI: t(169) = —2.36, P = .02 differed from the LH group in mean
segment ERTP slopes, and only in the ipsilesional direction (all
others: P > .05). Given the overall lack of differences, we com-
bined the RH and LH patient groups.

3.3.2.  Group analysis

Four out of fifty data points were removed as outliers. The
equal variance assumption was still violated (Levene’s Test: F(3,
42) = 6.61, P < .001), but there was no significant evidence of
non-normality across the whole group or in each Group x
Direction subgroup (Shapiro—Wilk Test: All Participants:
W = .95, P =.07; Controls Ipsilesional: W = .98, P = .98; Controls
Contralesional: W = .88, P = .10; Patients Ipsilesional: W = .97,
P = .82; Patients Contralesional: W = .94, P = .55). The analysis
again used a Type III ANOVA with Group (Controls, Patients)
and Direction (Ipsilesional, Contralesional) effects, as well as
their interaction, on the median of the mean segment ERTP
slopes in each direction to further minimize the influence of
outlier values.

The ANOVA revealed a Group x Direction interaction sup-
ported by large effect size (F(1,42) = 70.58, P < .001, n° = .63), with
supporting main effects of both Direction with a large effect size
(F(1, 42) = 63.04, P < .001, #* = .60) and Group with a moderate
effect size (F(1, 42) = 9.03, P <.0045, n* = .18). Pairwise estimated
marginal means comparisons further revealed the nature of the
Group x Direction interaction. While controls showed no evi-
dence of a difference in slopes by direction (EMM = .31, P = .76),
patients had significantly more negative ERTP slopes ipsi-than
contralesionally (EMM = —12.1, P < .001), smaller ipsilesional
slopes than controls (EMM = 8.03, P < .001), and more positive
contralesional slopes than controls (EMM = —3.83, P < .001).
When outliers were included, the Group effect did not hold,
though was near significant (F(1, 46) = 57.69, P = .07), and all
pairwise results exhibited identical findings. Overall, the di-
rections of the slopes reveal that patients adjusted their eyes in
the expected directions relative to the target to compensate for
the hemianopia, although the presence of significantly
different slopes of eye position indicate they were less stable in
positioning relative to the target than controls. These findings
suggest that a lack of sensory information on its own cannot
obviously explain the observed pursuit deficit.

3.3.3. Single-participant analysis

We compared the difference between the ipsilesional and
contralesional mean segment ERTP slope distributions for
each participant relative to that difference in the control dis-
tribution using RSDT. One missing contralesional value for
one control participant was imputed with the mean of the
slopes for the other two contralesionally-moving segments of
that trial. No control participant (0/11) exhibited a significant
difference between the two movement directions (P > .05)
relative to the group. In contrast, 12/14 patients showed a
significant difference between ipsi- and contralesional ERTP
slopes compared to controls (all P < .05), suggesting there were
eye position adjustments, but with differences in stabilization
relative to the target.

The modified t-test (Crawford & Garthwaite, 2004) on the
single participant data revealed that no control demonstrated
significant differences from the control distribution in either
the ipsilesional and contralesional direction (all P > .05). In
contrast, for patients, relative to the control distribution, 8/14
differed in the ipsilesional direction (all P < .05), while only 2/14
differed in the contralesional direction (HI: t(428) = 6.28, P <.001;
BI: t(428) = 7.89, P <.001). Furthermore, 8/11 controls had within-
participant differences in the two directions, and 12/14 patients
had within-participant differences in the two directions. Con-
trols that differed had various directions of their effect (3
ipsilesional < contralesional, 5 ipsilesional > contralesional
based on t-values), but notably none had showed evidence of an
asymmetry relative to the group. In contrast, all 12 patients had
lower ipsilesional than contralesional slopes, and were the
same 12 patients who had significant asymmetries on RSDT.
The control findings suggest that some within-participant
directional differences in eye position placement may be
developmentally expected and confirm the importance of
comparingour patients to age-matched control groups. Overall,
the patient results confirm that they still differed from controls
in moving toward the appropriate direction expected by posi-
tional compensation for hemianopia. We conclude that the
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sensory disorder cannot fully explain the pursuit dysfunction,
especially in the ipsilesional direction.

3.4.  Motor coordination analysis: main-sequence

Although patients adjusted their eyes to maintain the targetin
view, the slopes of the traces in Fig. 4 suggest a progressive
lagging of the eyes, particularly in the ipsilesional direction.
One possibility is that oculomotor control is generally
compromised by the loss of a hemisphere, resulting in motor
instability for both pursuit and saccadic eye movements. As
one means of evaluating this, we quantified the main
sequence reflecting the stereotyped relationship between
saccade velocity and amplitude. If the main sequence for pa-
tients mirrors that of controls, a general oculomotor control
deficit cannot readily explain the pursuit deficits. However, if
for example, the main sequence was reduced and/or elevated
asymmetrically relative to the resection side as in pursuit, this
may suggest a generalized oculomotor deficit resulting in
directionally sensitive slowing and speeding of all cortically
controlled eye movements.

Only one RH patient differed from the LH group in a single
direction (patient BI, contralesional velocity; t(325) = 2.76,
P = .004) so the patient groups were combined for the group
analysis. To quantify the overall effects, a single linear
regression of all the main sequence data across groups and
directions was then computed with Group (Controls, Patients)
and Direction (Ipsilesional, Contralesional), and their interac-
tion, as predictive factors. Because saccades cannot have ve-
locity when amplitude is zero, the model intercept was
constrained to zero. There was a significant linear relationship
between saccade amplitude and velocity (Bampiitude = 6.28, F(5,
3863) = 3462, P < .001). There was also a significant
Group x Direction interaction (Bmteraction = 15.92, p < .001).
Specifically, relative to the average relationship of amplitude to
peak velocity, the control group had a reduced velocity
(Bcontrols = —5.45, P < .001) and the patient group had increased
velocity (Bpatients = 10.37, P < .006). Ipsilesional saccades had
increased velocity relative to contralesional saccades
(Bipsilesionat = 7.45, P < .001), qualified by the interaction as
described. The fit of the linear regression explained most of the
variance between saccade velocity and amplitude (R® = .82).

Overall, these results suggest that patients exhibited faster
saccade velocities than controls for a given amplitude, and
this difference was larger in the ipsilesional than contrale-
sional direction. Thus, relative to controls, patients’ saccades
showed an independent pattern in which both directions
exhibited faster movements, albeit asymmetric in strength.
While some motor control deficiency may be at play in both
the pursuit and saccade patterns, it is unlikely that the deficits
stem from a common mechanism of oculomotor disruption
shared by both saccades and pursuit. Instead, significantly
faster saccades in patients relative to controls suggests a
compensatory mechanism which we further expand upon in
the Discussion.

For closer scrutiny of the Group by Direction interactions, a
linear regression line was fit to saccade peak velocity with
saccade amplitude as a predicting variable for each Group
(Controls, Patients) and Direction (Ipsilesional, Contralesional)
subgroup. The model intercepts were again set to zero for
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Fig. 5 — Main sequence of saccades occurring during the
sinusoidal smooth pursuit task for controls (black) and
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the slopes plotted for each group. The coefficient estimates
are noted in the legend.

each model. Confidence intervals of the slope estimates were
computed and plotted for visual comparison of the Group by
Direction subgroups (Fig. 5). As shown in Fig. 5, the data from
the patients and the controls showed a significant relation-
ship between amplitude and velocity of saccades in both
movement directions (P < .001 on all of the Coefficient esti-
mates). While the control group's main sequences did not
differ between the two directions as indicated by overlapping
confidence intervals (Controls Ipsilesional: Bcontrols_ipsitesional-
= 4.58, F(1, 1189) = 4156, P < .001, CI: [4.44, 4.72]; Controls
Contralesional: Beontrols_contralesional = 4.78, F(1, 1233) = 3731,
P <.001, CI: [4.63, 4.93]), the patients' main sequences differed
significantly between directions as evidenced by non-
overlapping confidence intervals (Patients Ipsilesional:
Bpatients_1psilesional = 9-26, F(1, 1047) = 7092,P < .001, CI: [9.04, 9.47];
Patients Contralesional Bpatients_contralesional = 6.13, F(1,
395) = 1116, P < .001, CI: [5.77, 6.49). Notably, neither of the
patient confidence intervals overlapped with the control
confidence intervals in either direction; this reveals the main
sequence in the patients is elevated in both directions, and
that, for any given amplitude, patients made faster saccades
(higher coefficients) than controls.

4, Discussion

The key question addressed here concerns the relative
contribution of each hemisphere to the bilateral cortical
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control network that underlies conjugate eye movements. To
address this question, we compared the smooth pursuit abil-
ities of 14 patients with left or right childhood hemispherec-
tomy to those of matched control participants. Our analyses
were performed between groups as well as for each individual
control and patient participant, and several major results
emerged.

First, relative to controls, as a group, patients demon-
strated a significant reduction in ipsilesional pursuit speed
accompanied by fast catch-up saccades to compensate for the
lag (see Figs. 1-5), confirming previous findings in case studies
of hemispherectomy patients (Dell'Osso & Troost, 1977;
Estanol et al., 1980; Sharpe, 2008; Troost, Daroff, et al., 1972).
The concurrent existence of a contralesional pursuit elevation
in the patient group (Fig. 3) has been reported inconsistently or
in unusual cases, for example, in Sharpe et al. (1979). It is
important to recognize though, that even when we obtain
significant results between patients and controls at the group,
this does not mean that every patient showed the same pro-
file. Indeed, while most patients show the ipsilesional pursuit
deficit, not all show it in the contralesional direction. Previous
studies reporting just the ipsilesional deficit, by virtue of the
fact that they included just single cases or a small number of
cases, might not have had the opportunity to show individual
differences, as we have done. As such, our findings, atleast on
a subset of individuals, replicates some of the previous re-
ported results but we have been able to go beyond this and
show both the group and individual differences relative to
controls.

Second, the number of interrupting saccades made during
pursuit differed across patients and controls with significantly
more saccades in the ipsi-than contralesional direction in
patients which contrasted with the absence of an asymmetry
in the controls. Moreover, the proportion of saccades per trial
was correlated with the severity of the ipsilesional pursuit
deficit. Importantly, the bidirectional asymmetric profile
observed in the patients was present irrespective of whether
the resection was of the right or left hemisphere and quanti-
tatively equivalent. These results confirm that a deficit in
smooth pursuitis manifest after a lesion to either hemisphere.

The pursuit deficit cannot be obviously explained by a
sensory or motor deficit. Patients adjusted for their blind field
by shifting their eyes appropriately regardless of the direction
of movement (lagipsilesionally, lead contralesionally; Fig. 4) to
maintain visibility of the target. A primary motor deficit could
not account for the atypical patient pattern either. Although
ipsilesional pursuit was generally slowed in patients, in fact,
patients generated higher velocity saccades in both directions,
in contrast to their asymmetrical pursuit profiles (Fig. 5).

4.1. Sensory contributions to smooth pursuit

Our results revealed an unexpected asymmetry in smooth
pursuit behavior; patients lagged the target ipsilesionally
much more than they led contralesionally (Fig. 4). Thus, the
eyes fell further behind the target during pursuit in the ipsi-
lesional direction, despite this direction being towards the
sighted field where visual information remains intact. How-
ever, seeing the direction of target motion is not the only
sensory signal needed to evoke pursuit. Individuals must also

integrate information about target velocity along with posi-
tional error information to initiate pursuit (Nachmani,
Coutinho, Khan, Lefevre, & Blohm, 2020; Orban de Xivry &
Lefevre, 2007). That is, retinal slip and position error must
also be minimized on the fovea to maintain pursuit. If a po-
sitional adjustment in the contralesional direction moves the
target too far into the periphery in the sighted field, retinal slip
and the position error signal may be too large to evoke pursuit.
This issue may be exacerbated in the ipsilesional direction,
where a contralesional shift in eye position must occur while
the target is moving in the opposite direction. In this way,
smooth tracking may not be an efficient way to complete the
task if the target is too far from the fovea, which would require
saccades. In the contralesional direction, eye positions
increasingly led the target. Overall, this suggests that patients
compensated for their sensory impairment and ensured that
the target remained in view.

4.2. Saccade interruptions highlight poor control and
behavioral compensation

We used the main sequence (amplitude versus velocity) to
analyze the function of the saccades and shed light on deficits
affecting motor control of the eyes. While both ipsi- and
contralesional saccades in patients were faster than saccades
with equivalent amplitudes in controls, patients were
disproportionately faster in the ipsilesional direction. Faster
ipsilesional saccades likely reflect behavioral compensation
for slow pursuit when the eyes increasingly lag the moving
target (Fig. 4). The complementarity of the proportion of
interrupting saccades with the atypical smooth pursuit,
revealed in the correlation between the number of saccades
and severity of pursuit deficit, provides additional support for
the claim that the pursuit and saccade systems utilize the
error signals from the pursuit to adjust corrective saccades.

Unlike pursuit, saccades are thought to be controlled by
neurons largely in the contralesional hemisphere (Bruce,
Goldberg, Bushnell, & Stanton, 1985). Although visually
guided saccades have typically shown reduced contralesional
velocities after a variety of brain lesions including hemi-
spherectomy, it is possible that, in the context of pursuit, the
impaired capacity to integrate error signals leads to more
impulsive and less precise catch-up saccades. Additionally,
we have shown that patients can lead the target to pursue;
faster saccades may indicate compensation that accounts for
the need to land ahead of the moving target as it changes
speed during sinusoidal motion. Future work could more
closely examine the endpoint errors of corrective saccades
during pursuit in hemispherectomy patients to disambiguate
these possibilities.

4.3. The neural basis of the smooth pursuit deficit

A key question guiding our study concerned the different
contributions of the right and left hemisphere to oculomotor
control. Our results support the idea that pursuit control is not
entirely hemisphere specific. Results from non-human pri-
mate studies report a range of ipsilateral, contralateral, and
omnidirectional receptive fields controlling pursuit in the
cortex of a single hemisphere (Gottlieb, MacAvoy, & Bruce,
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1994; Tanaka & Lisberger, 2002) albeit with some ipsilateral
predominance (Dursteler et al.,, 1987; Tanaka & Lisberger,
2001). This mixed organization would predict the bidirec-
tional and asymmetric deficits observed in our study. Given
the primacy of the frontal eye fields (FEF) in the cortical control
of eye movements (Krauzlis, 2004; Schall & Thompson, 1999;
Schiller, True, & Conway, 1979), as well as the similar profile
in its asymmetric control of pursuit following FEF damage, one
potential explanation is that it is the loss of FEF in hemi-
spherectomy patients that largely dictates their behavioral
outcome. Of note, humans with lesions to frontal regions do
show similar asymmetric pursuit behavior (Morrow & Sharpe,
1995; Sharpe, 1998). But other cortical regions may also play a
causal role and to what degree different regions are dominant
and what circuitry within and between hemispheres are
needed remains an open question. Additional work using
causal manipulations of brain activity such as transient
inactivation during or recordings of FEF and of other cortical
regions, unilaterally and bilaterally, may be needed to deter-
mine the specific role of the various cortical regions, both
within and between hemispheres, in the service of oculomo-
tor behavior.

4.4. Individual differences

While the results at the group level for the patients are robust,
there are individual differences that warrant consideration.
These differences might arise as, amongst other factors, a
function of age at or time since surgery, etiology, site/s of
epileptic pathology, differing extents of subcortical connec-
tions affected, cognitive status, macular sparing, or any
combinations of these possibilities (Granovetter, Robert,
Ettensohn, & Behrmann, 2022; Robert, Granovetter,
Patterson, & Behrmann, 2024).

Our sample here, while the largest in the literature, is still
too small to understand specific factors that determine post-
surgical outcome, and clinical imaging and perimetry data
were not available for all patients. Notably, here, not a single
participant demonstrated evidence of an opposite asymmetry
(e.g. faster ipsilesional pursuit with reduced contralesional
speeds), but, as noted above, not all evinced an identical
quantitative profile either. Future studies should examine
more closely individuals with similar or differing deficit pro-
files to understand the phenotype and the sources of less
common oculomotor signatures. Thus, the most common
deficits are specifically related to how the neural circuitry is
organized to control eye movements and defining the neural
circuitry itself continues to be of interest for future studies.

In our study, patients with surgeries in all stages of pursuit
development (Accardo et al., 1995; Katsanis, [acono, & Harris,
1998; Luna et al., 2008; Ross, Radant, Young, & Hommer, 1994)
had asymmetric pursuit deficits. The persistent deficits sug-
gest that a single hemisphere is insufficient and, instead, two
hemispheres are necessary to produce typical directional
control. It is also likely that subcortical structures are engaged
to compensate and thus contribute to the final behavioral
profile. The transfer of function such as language (Boatman
et al, 1999; Devlin et al., 2003) or even motor function
(Samargia & Kimberley, 2009; van Empelen et al., 2004) is

possible in patients with hemispherectomy. In contrast, the
pursuit and the saccade systems (Dell’Osso & Troost, 1977;
Troost, Weber, & Daroff, 1972) appear to be less plastic.

A final factor to consider is age at time of testing. As
summarized previously, while pursuit function makes the
largest improvements of function within the first year of life,
accuracy of pursuit improves into mid-adolescence (Luna et
al., 2008). Thus, our patients who range in age from 12.3 to
32.4 years may still be undergoing some development of
pursuit function, particularly those in adolescence. For this
reason, in our study, we emphasized the importance of
comparing patients to age-matched controls at test, some-
thing which had not been done in previous assessments of
smooth pursuit function in hemispherectomy patients, even
when surgery or testing occurred during childhood. The fact
that we show clear differences in patient and control
behavior on both a group and individual level in an age-
matched sample strengthens our confidence that the pat-
terns described are related to the nature of the disruption to
circuitry in these patients, rather than being a consequence
of developmental stage of eye movement control. One limi-
tation, however, is that our age-matching did not demon-
strate conclusively strong evidence in favor of a lack of
difference age between sub-groups on a Bayes Factor (BFs >
.33 suggest inconclusive evidence for the null or alternative
hypothesis). If subgroups meaningfully differed in age
beyond what could be detected with our level or power, it is
possible that differences are due in part to one group being at
a less mature stage of pursuit development. For a few rea-
sons, however, we do not think our data reflect this. For one,
our patients were older on average than controls, and thus
theoretically in a more mature stage of pursuit development.
Furthermore, while we considered matched control candi-
dates to be within 2 years of each patient's age, 7/11 of our
matched patients are actually matched within 1 year and 9/11
within 1.5 years of age at test. Finally, it is likely that numeric
and potentially statistic differences in age between patients
and controls are driven by the three patients for whom we did
not identify a matched-control, all of whom were at the older
end of our age range beyond adolescence (FO: 20.3 years, BD:
30.1 years, OC: 32.4 years); all patients who were in the
adolescent age range, and thus still subject to maturational
changes in pursuit, were able to be matched with an appro-
priate control. We consider it unlikely that age differences of
this size drastically impact behavior at this relatively late
stage of pursuit development. Nevertheless, it is possible that
developmental factors impact differences in patients and
controls across childhood; with a largely adolescent group,
our study is limited in its ability to elucidate these
possibilities.

4.5, Future directions

Further work can continue to disentangle the extent to which
the behavioral profile of the eye movements is the product of
the lesion and/or may reflect various compensatory strategies
(Herter & Guitton, 2007). These efforts can be accomplished
through investigations that vary target speeds and directions,
among other manipulations of prediction and maintenance
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(Kowler, 2011). Additionally, neuroimaging examinations of
the differences in neural activation in different movement
directions in the intact hemispheres relative to controls are
needed to disambiguate these possibilities.

Further exploration of the role of a sensory deficit is war-
ranted given that differences in eye movements between
hemianopic and non-hemianopic sides have been observed
(Barton, Behrmann, & Black, 1998; Fayel et al., 2014; Howard,
Knox, Griffiths, & Rowe, 2022). To better discriminate effects
of plastic change, longitudinal studies are also needed. We
have not explored the potential for learning or improvement
of pursuit function over time or in response to intervention. If
pursuit capacity is responsive to learning via passive practice
or active engagement, it would suggest that more recovery
potential is available and may open avenues for potential
rehabilitation.
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