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ABSTRACT

Recent evidence has implicated areas within the posterior parietal cortex (PPC) as among
the first to show pathophysiological changes in Alzheimer's disease (AD). Focal brain
damage to the PPC can cause optic ataxia, a specific deficit in reaching to peripheral targets.
The present study describes a novel investigation of peripheral reaching ability in AD and
mild cognitive impairment (MCI), to assess whether this deficit is common among these
patient groups. Individuals with a diagnosis of mild-to-moderate AD, or MCI, and healthy
older adult controls were required to reach to targets presented in central vision or in
peripheral vision using two reaching tasks; one in the lateral plane and another presented
in radial depth. Pre-registered case—control comparisons identified 1/10 MCI and 3/17 AD
patients with significant peripheral reaching deficits at the individual level, but group-level
comparisons did not find significantly higher peripheral reaching error in either AD or MCI
by comparison to controls. Exploratory analyses showed significantly increased reach
duration in both AD and MCI groups relative to controls, accounted for by an extended
Deceleration Time of the reach movement. These findings suggest that peripheral reaching
deficits like those observed in optic ataxia are not a common feature of AD. However, we
show that cognitive decline is associated with a generalised slowing of movement which
may indicate a visuomotor deficit in reach planning or online guidance.
© 2022 The Authors. 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/).

Abbreviations: ACE, Addenbrooke's Cognitive Examination; AD, Alzheimer's disease; HC, Healthy control; MCI, Mild cognitive
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
condition most often associated with cognitive decline and
symptoms of memory loss, limited attention and poor spatial
navigation. However, the pathophysiological cascade that
leads to AD can begin 20 years before the onset of these
behavioural markers (Dubois et al., 2014; Jack et al., 2013; Pike
et al., 2007) and early neurological changes have been identi-
fied in both autosomal (familial) and sporadic forms of AD
(Gordon et al., 2018; Villemagne et al., 2013). The precuneus, in
the medial posterior parietal cortex (PPC), has been identified
as one of the first brain areas to show patterns of change
preceding cognitive impairment in amnestic AD (Chételat
et al., 2005; Gordon et al.,, 2018; Hamaldinen et al., 2007;
Pennanen et al, 2005). Longitudinal modelling identified
altered Amyloid-f levels in the precuneus at around 21 years
before the onset of memory loss, metabolic changes around 18
years prior to memory loss, and reduced cortical thickness
around 13 years prior to memory loss (Gordon et al., 2018). As
well as structural changes, functional changes to neural ac-
tivity within the PPC have been identified in individuals with
AD and MCI (Fernandez & Duffy, 2012; Hawkins & Sergio, 2014;
Thiyagesh et al., 2009). These data concern typical amnestic
forms of AD, not the atypical variant Posterior Cortical Atro-
phy (PCA) which is associated with major changes in visuo-
spatial, attentional and visuomotor abilities (Crutch et al.,
2017). The more subtle pathophysiological changes of the
PPC in typical AD might be expected to lead to changes in
visually-guided behaviour, but these have not been exten-
sively examined.

The PPC is a major component of the dorsal visual stream,
a network of brain areas involved in the processing of visuo-
spatial information, especially the guidance of goal-directed
actions, such as reaching to visual targets (Clower et al,
1996; Culham & Valyear, 2006; Kertzman et al., 1997; Konen
et al,, 2013). We might, therefore, expect impairments in
visuomotor control of simple reaching actions in typical AD,
even at prodromal and pre-clinical stages. However, action
impairments are not a prominent clinical feature of typical
AD, and such individuals perform tasks such as target-
directed reaching with similar levels of spatial accuracy to
age-matched controls (de Boer et al., 2016; Salek et al., 2011;
Tippett et al., 2007, 2012; Tippett & Sergio, 2006). More cogni-
tively complex reaching tasks may expose differences in ac-
curacy between patients with AD and healthy older adults
(Hawkins et al., 2015; Hawkins & Sergio, 2014, 2016; Mollica
et al., 2017). For instance, patients with mild-to-moderate
AD make large spatial errors if the plane of response is
dissociated from the plane of the screen (Tippett et al., 2007,
2012; Tippett & Sergio, 2006), and removing visual feedback
from both the hand and cursor during simple guided actions
has been found to increase spatial error in AD (Ghilardi et al.,
1999, 2000). Alongside this, AD patients are slower to initiate
goal-directed actions, and have longer movement durations
compared to healthy, older adults (Tippett et al., 2007; Tippett
& Sergio, 2006). This general pattern of slowed movement in
typical AD has been reproduced in a number of studies (de
Boer et al., 2016; Ghilardi et al.,, 1999; Tippett et al., 2012;

Verheij et al., 2012), in individuals with MCI (Salek et al., 2011)
and in adults with increased risk of AD (Hawkins et al., 2015;
Hawkins & Sergio, 2014, 2016). It is therefore possible that
degeneration in the PPC, along the dorsal visual stream, in
early stages of the disease does result in disrupted visuomotor
processing.

The prototypical visuomotor disorder associated with
damage to the PPC is optic ataxia (Balint, 1909; Karnath &
Perenin, 2005; Rossetti et al., 2019). Patients with optic ataxia
typically have little trouble reaching accurately to targets in
central vision, but show large spatial errors when reaching for
targets in their peripheral visual field (Perenin & Vighetto,
1988; Ratcliff & Davies-Jones, 1972). During clinical testing,
patients are required to reach to lateralised targets, both when
they are allowed to look directly at the target and when they
are required to fixate straight-ahead so the target is in pe-
ripheral vision (Borchers et al., 2013; Perenin & Vighetto, 1988).
Optic ataxia is indicated by a pronounced increase in spatial
errors to targets presented in peripheral vision. However, as
misreaching is typically confined to the periphery and accu-
racy is maintained to targets in central vision, it may go un-
noticed in daily life and clinicians will not observe signs of
optic ataxia unless specifically trying to elicit them. Given that
signs of optic ataxia are not expressly assessed in individuals
with cognitive impairment, the presence of this specific
visuomotor deficit could go unnoticed in early AD. It has been
noted that patients with optic ataxia are also impaired in
cognitively complex reaching conditions, such as plane-
dissociated reaching and reaching with reduced visual feed-
back (Blangero et al., 2007; Granek et al., 2013; Jeannerod, 1986;
Pisella et al., 2009). This similarity with typical, amnestic AD
impairment (Tippett et al., 2007, 2012; Tippett & Sergio, 2006)
makes it plausible that patients with AD may also have
problems with peripheral misreaching if this ability were
specifically assessed.

Optic ataxia has been noted as a feature of PCA, but no
previous study has systematically tested for signs of optic
ataxic misreaching in patients with typical, amnestic AD. The
purpose of the present study is to fill this surprising knowl-
edge gap. Two different, complementary tasks were used to
assess reaching ability. The first was a tablet-based reaching
task presented on the lateral (fronto-parallel) plane. This task
was designed for potential future translation into clinical
settings. The second was a motion-tracked, lab-based task
with targets presented in radial depth that allowed for more
detailed kinematic analysis. This radial reaching task was
similar to typical laboratory assessments of optic ataxia in
experimental neuropsychology (e.g., Milner et al., 2003). We
plan to evaluate the possible presence of peripheral mis-
reaching in patients with mild-to-moderate typical AD and in
individuals with amnestic MCI, by comparison with a group of
age-matched controls. The methods in the current paper have
been pre-registered and published as a study protocol
(Mitchell et al., 2020). We hypothesise that individuals with
AD, and possibly those with MCI, will show deficits reaching to
targets presented in peripheral vision similar to what is
observed in optic ataxia. A multiple single-case approach of
testing for deficits at the individual patient level is com-
plemented by group-based comparisons, and more explor-
atory analyses of reaching kinematics. The present study,
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therefore, aims to clarify whether visually guided reaching to
peripheral targets is affected in early clinical stages of AD,
laying groundwork for further investigation into action guid-
ance in dementia.

2. Materials & methods
2.1. Participants

Patients were tested at the University of Edinburgh (UOE) and
the University of East Anglia (UEA), recruited via the Anne
Rowling Regenerative Neurology Clinic (Edinburgh) and the
Julian Hospital (Norwich). Patients in the MCI group (N = 10) had
a clinical diagnosis of amnestic MCI but had not yet progressed
to AD. Patients in the AD group (N = 17) had a clinical diagnosis
of AD and an Addenbrooke's Cognitive Examination III (ACE-III)
score of 50 or above, indicating mild to moderate impairment
(Bruno & Schurmann Vignaga, 2019). Criteria for diagnoses of
both MCI and AD groups were determined by the National
Institute of Ageing-Alzheimer's Association (NIA-AA) guidelines
at both sites (Jack et al., 2011). Patients were excluded if they
presented with clinical features suggestive of Lewy body pa-
thology (e.g., visual hallucinations or rapid eye movement sleep
disorder), significant difficulty communicating or understand-
ing English, significant uncorrected visual impairment (e.g.,
cataract, macular degeneration or scotoma) or conditions that
could interfere with smooth hand movements (e.g., ataxia,
essential tremor and severe arthritis).

Healthy controls (N = 24) for both lateral and radial
reaching tasks were tested at the University of Edinburgh. An
additional 8 healthy controls were tested at UEA, to allow for
differences in set-up between sites for the radial reaching
task. Healthy controls were aged 50—80, had normal or
corrected-to-normal vision, and no reported neurological or
neurodegenerative conditions. Two AD patients were left-
handed, and all other participants were right-handed by
self-report. Demographic characteristics for participant
groups are summarised in Table 1.

This research was approved by the UK Health Research
Authority, the East of England Central Cambridge Research
Ethics Committee and Research & Development for NHS
Lothian and NHS Norfolk & Suffolk Trusts, in accordance with
guidelines from the Declaration of Helsinki.

2.2. Pre-registered protocol

We report how we determined our sample size, all data ex-
clusions, all inclusion/exclusion criteria, whether inclusion/
exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study. The protocol for
this study was pre-registered on Open Science Framework on
17-10-2019 (https://osf.io/mtqck) and subsequently published
in BMJ Open (Mitchell et al., 2020). The materials and methods
for the present study follow the published protocol, except for
the following details. First, the COVID pandemic forced an
early close to patient testing (from 23-03-2020), prior to the
end of the period of funded research, so our planned sample of
24 participants per group could not be achieved (see Section
2.4). Second, the pre-registered plan for outlier removal

flagged 7/24 UOE control participants as outliers in the lateral
reaching task. As we could not justify removing 29% of our
controls from this task, we adjusted our analysis to omit the
outlier removal step. As we had planned to remove control
outliers only, this step affected our pre-registered analysis of
controls only. Third, the pre-registered analyses included a
factor of target side. However, as no significant differences
were observed across side at the group level, data are averaged
across right and left sides for simplicity of presentation.
Fourth, age was added as a covariate to single case analyses
(Crawford et al., 2011) and all ANOVAs. Finally, as single case
analyses revealed no cases with borderline peripheral reach-
ing deficit (.05 < P < .025, see Mitchell et al., 2020), borderline
deficits are not reported here. A document reporting the
analysis performed exactly according to pre-registered plan is
archived at https://osf.io/bxngs/.

2.2.1. Open materials, data & code
Anonymised data, stimulus and analysis code are available at
https://osf.io/bxngs/.

2.3. Tasks

To assess peripheral reaching, two different set ups were
used: a tablet-based reaching task in the fronto-parallel plane
(lateral reaching) and a motion-tracked reaching task in radial
depth (radial reaching). Participants completed two versions
of each task; a condition in which they were instructed to look
directly at targets before reaching (free reaching) and a con-
dition in which central fixation was required (peripheral
reaching). The inflation of absolute reaching error in periph-
eral reaching relative to free reaching was the critical depen-
dent measure in each task.

Tasks were performed in a fixed order, to allow for direct
comparisons of individual patients against the control group.
Lateral reaching was always performed before radial reaching.
Within each task, free reaching was performed before pe-
ripheral reaching, and both free and peripheral reaching were
completed first with the dominant hand, followed by the non-
dominant hand. Targets were always presented in the pe-
ripheral visual field on the same side as the reaching hand in
both tasks. The reason for this arrangement is that peripheral
misreaching errors in optic ataxia tend to be largest when the
contralesional hand is used to reach to targets on contrale-
sional side (Blangero et al., 2010; Perenin & Vighetto, 1988). By
having each hand reach to targets on the same side, we could
be sure to include the conditions most likely to be most
affected, regardless of whether the PPC was more affected on
the right or left side in a given patient.

2.3.1. Lateral reaching

2.3.1.1. StmvuLl & APPARATUS. Stimuli were presented on a HP
Pavilion x260 touch screen (310 x 175 mm, 1920 x 1080 pix).
Tasks were coded in OpenSesame, version 3.2.8 (Mathot et al.,
2012). Participants were seated 400 mm away from the screen,
positioned with either the right or left edge of the screen
aligned to the body midline (Fig. 1). A start box (white rect-
angle, 2 x 2°) appeared at the centre edge (right or left) of the
screen, aligned to the participant's midline. For peripheral
reaching, a fixation cross (1 x 1°) was presented 5° directly
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Table 1 — Demographic information for healthy controls (HC), mild cognitive impairment (MCI) and Alzheimer's disease (AD)
for both tasks. HC (radial) include 8 additional UEA control participants.

Group N F/M Age Education® ACE score Weeks since diagnosis
HC lateral 24 15/9 63.8 (6.47) 22.0 (2.82) - -

HC radial 32 22/10 63.4 (6.80) 20.7 (3.88) = =

MCI 10 6/4 70.3 (8.35) 20.3 (3.80) 85.8 (8.01) 34.1 (30.29)

AD 17 5/12 65.8 (7.81) 17.7 (4.65) 75.5 (9.84) 66.5 (65.52)

Standard deviation displayed in brackets for mean age, education, ACE score and time since diagnosis.
# The age participants were when they left full-time education in years.

above the start box. Targets were presented as white circles
(diameter = 2°) along radial spokes at either 28, 33 or 38° (200,
240, 275 mm) to the left or right of fixation (Fig. 1B and C).
Movements were recorded at the screen refresh rate of 60 Hz.
The experimenter sat directly opposite the participant and
directly monitored eye movements throughout the task,
matching methods used in testing for optic ataxia in clinical
settings (Borchers et al., 2013).

2.3.1.2. FreE REACHING. For free reaching, no fixation cross was
presented. Participants initiated a trial by pressing and hold-
ing down the start box with either their right (right-sided
reaching) or left (left-sided reaching) index finger. Once the
screen was touched, the start box disappeared, and, after a
short delay (250—750 msec, randomised at 100 msec intervals),
a target appeared at one of nine possible locations. Partici-
pants were required to look directly at the target and lift their
finger off the start box to make one smooth, reaching move-
ment to touch it. Participants were instructed to reach as soon

Display

w 400mm

as they were looking directly at the target and to be as accu-
rate as possible, however movement time was not restricted.
The target remained on screen until a touch was recorded,
after which it disappeared with a short beep (100 msec,
440 Hz). If no eye movement was made to the target, the trial
was repeated immediately. The block ended after a minimum
of 27 valid trials (3 per target position), or after a total of 50
trials.

2.3.1.3. VisuaL DETECTION. This task was used to confirm that
the participant was capable of detecting the targets in pe-
ripheral vision. The participant gazed at the fixation cross,
which cycled between white and red at a rate of 60 Hz to assist
steady fixation. To initiate a trial, they pressed the start box
which disappeared when touched. After a short delay
(250—750 msec), a target appeared at one of the nine locations,
or no target appeared (catch trial). After 1000 msec, a short
beep indicated the end of the trial and the target (if present)
disappeared. The participant verbally reported whether or not

Keyboard

Participant

Experimenter

Width: 310mm

T

eight:
75mm

Fig. 1 — Lateral reaching task. (A) Stimuli were displayed on a tablet laptop in the fronto-parallel plane. The experimenter sat
directly opposite the participant to monitor eye movements. Target locations, on radial spokes at 28, 33 & 38° are shown
during (B) left-hand free reaching and (C) right-hand peripheral reaching. All possible target positions are shown in the

figure, but only one was presented per trial.
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they had seen a target. The trial was repeated immediately if
an eye movement was detected. The block ended after 15 valid
trials: one for each of the nine target locations, and six catch
trials. To progress to the peripheral reaching task, participants
had to detect at least 6/9 targets and correctly reject at least 3/
6 catch trials.

2.3.1.4. PERIPHERAL REACHING. As with visual detection, the
participant gazed at the fixation cross and initiated a trial by
pressing on the start box, which disappeared when touched.
After a short delay (250—750 msec) a target appeared at one of
nine possible locations. Participants were required to make
one smooth reaching movement to touch the target. The
target remained on the screen until a touch was recorded, at
which point a short beep was played to indicate the trial end. If
an eye movement was detected, the trial was immediately
repeated. The block ended after a minimum of 27 valid trials (3
per target position), or after a total of 50 trials.

2.3.2. Radial reaching’

2.3.2.1. StimuLl & apparaTUS. For the radial reaching task, an
infrared motion-tracking camera (Optotrak Certus, Northern
Digital Inc) was used to track the reaching movement. Infra-
red-emitting diodes (IREDs) were taped to the right and left
index fingernails of each participant. The Optotrak sampled
the IRED's 3D position at 100 Hz throughout each 2000 msec
trial. The task was controlled by custom software written in
LabVIEW 2013 SR1 (National Instruments).

Participants were seated with their head placed in a
chinrest in line with the middle of the display. Stimuli were
back-projected via a mirror onto a flat screen surface
(1000 mm wide x 750 mm deep). A webcam was placed on the
screen 500 mm directly in-front of the participant, as a fix-
ation point (Fig. 2A). The live webcam image fed into a
separate laptop, allowing the experimenter to monitor gaze
continuously. A start-button was aligned to the centre of the
screen, positioned 100 mm in-front of the participant,
400 mm away from fixation. Targets were white circles
(diameter = 1.60°, 13.96 mm) presented at 4 eccentric loca-
tions (10—40°, 100—400 mm from centre) on the left and right
sides (Fig. 2B).

Prior to radial reaching, a calibration procedure was run to
identify target locations relative to the IRED camera (Mitchell
et al., 2020).

2.3.2.2. FREE REACHING. Participants initiated a trial by pressing
and holding down the start button and 250—750 msec later a
target appeared. Participants were required to look directly at
the target, then to reach and touch it in one smooth move-
ment, leaving their finger on its landing position until they

1 The set-up reported here is for data collection at UOE. For UEA
reaching movements were recorded using a Qualysis 6 Motion
Capture System (Qualysis, Sweden) and IRED positions were
sampled at 179 Hz throughout each trial. The task was coded in
MATLAB R2010a using Psychtoolbox Version 3.0.11 (Brainard,
1997). The fixation webcam was placed 450 mm directly in front
of the participant, 350 mm away from the start-button. Stimuli
were red LEDs (diameter .60°, 15 mm) embedded within a
purpose-built table and only visible when lit. All other details
matched the UOE set-up.

heard a short beep (100 msec, 400 Hz), 2000 msec after target
onset. If no eye movement was detected prior to the reach
response, the trial was recycled at the end of the block. If
participants did not respond or failed to reach within two
seconds, the trial was marked as void and recycled to the end
of the block. The block ended after 28 valid trials (7 per target
location) or after a total of 50 trials.

2.3.2.3. PeriPHERAL REACHING. The peripheral reaching task was
performed in the same manner as the free reaching task
(Section 2.3.2.2) except participants were required to gaze at
the webcam throughout all trials. If an eye movement was
detected prior to completion of reach response, or the
participant did not execute a reach in time, the trial was
recycled to the end of the block. The block ended after 28 valid
trials, or after 50 trials.

2.4. Power considerations

The individual, patient-level assessments were performed
using case—control Bayesian tests of deficit (Crawford &
Garthwaite, 2007; Crawford & Howell, 1998). The UOE control
sample size of 24 provides close to the maximum power for
these tests, but such a test can only achieve high power (>.80)
if the behavioural deficit is large [>2.5 standard deviations
from the control mean (McIntosh & Rittmo, 2021)]. It should
therefore be emphasised that our assessment of patient-level
deficits is concerned with large behavioural aberrations, not
with subtle signs. The UEA control sample of 8 provides >.70
power to detect a deficit >2.5 standard deviations from the
mean.

We then applied a binomial test to assess whether the rate
of reaching deficits in patient groups exceeds that which
would be expected by chance (chance level = .05). The planned
patient group size of 24 would provide >.90 power, provided
that the true proportion is at least .25 (1 in 4). The achieved
group size of 17 for AD and 10 for MCI would provide .65 and
.47 power respectively if the true proportions were at least .25.
The reduced sample size, and consequent reduction in power,
was an unavoidable consequence of the COVID-19 pandemic.

2.5. Statistical analyses

2.5.1. Lateral reaching task
2.5.1.1. DATA PROCESSING AND EXCLUSIONS. One patient with AD
had difficulty understanding and following instructions and
was unable to complete the lateral reaching task. Two pa-
tients (1 MCI, 1 AD) failed the visual detection task on the
right-side, so peripheral reaching was tested on the left (non-
dominant) side only for these patients. For free reaching, trials
in which no eye movement was detected were removed from
analysis, whilst for the peripheral reaching analysis, trials in
which an eye movement was detected were removed. For the
included sample, the percentage of free reaching trials in
which no eye movement was detected was 0% for HC, .18% for
MCI and 2.2% for AD. For peripheral reaching, the percentage
of trials in which an eye movement was detected was 1.7% for
HC, 7.9% for MCI and 9.6% for AD.

The reach endpoint was defined as the touch coordinates
at the end of the reach in the x (horizontal) and y (vertical)
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Fig. 2 — Radial reaching task. (A) Set-up for UOE with stimuli displayed in radial plane 500 mm in-front of participant. Eye
movements were monitored via a live feed from webcam placed at centre of display. (B) Target locations were 100, 200, 300
and 400 mm to the left and right of fixation (webcam). All possible target locations are shown in the figure, but only one was

presented per trial.

dimensions, and Absolute Error (in mm) was recorded as the
2D distance from the centre of the target. The median Abso-
lute Error was calculated for each target eccentricity, for each
combination of viewing condition (free, peripheral) and side
(dominant, non-dominant). The average Absolute Error was
then calculated as the mean of medians across target eccen-
tricities to give a single measure of reaching accuracy for each
viewing condition and side. Data were then compressed to a
Peripheral Misreaching Index by subtracting reaching accuracy
in the free vision condition from the peripheral condition.
This index provides a single measurement of peripheral
reaching ability per side, for each participant.

2.5.1.2. CONFIRMATORY ANALYSES. We compared each individual
patient's Peripheral Misreaching Index against the distribu-
tion of the Peripheral Misreaching Index in the control
group (N = 24) using Crawford's Bayesian Test of Deficit with
age as a covariate (Crawford & Garthwaite, 2007; Crawford,
Garthwaite, & Ryan, 2011), implemented in the singcar

package for R (Rittmo & McIntosh, 2020). Two one-tailed
tests were run per participant, on the dominant and non-
dominant sides. To constrain the Type I error rate to < .05
per patient, across the two sides, the alpha level was set to
.025. Patients were classified as showing peripheral mis-
reaching if they showed a significant deficit (p < .025) on at
least one side. Binomial tests were then run to test whether
observed rate of peripheral misreaching exceeded that ex-
pected by chance (i.e., the per-patient adjusted alpha level
of .05).

A one-way between-subjects ANOVA of reaching accuracy
(Peripheral Misreaching Index) with a factor of group (HC, MCI,
AD) and participant age as a covariate was also conducted.

2.5.1.3. EXPLORATORY ANALYSES. Exploratory analyses were con-
ducted on Absolute Error, Reaction Time (time from target
onset to touch offset at start of reach) and Movement Time
(time from touch offset at to touch onset at end of reach). For
each exploratory outcome measure, the median was
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calculated for each target eccentricity, for each combination
of viewing condition (free, peripheral) and side (dominant,
non-dominant). Three mixed measures ANOVAs were con-
ducted to explore the effect of eccentricity on Absolute Error,
Reaction Time and Movement Time, with a between-subject
factor of group and within subject factors of viewing condi-
tion (free, peripheral) and eccentricity (28, 33, 38°), with age as
a covariate.

2.5.2. Radial reaching task

2.5.2.1. DATA PROCESSING AND EXCLUSIONS. For free reaching, trials
in which no eye movement was detected were removed from
analysis, whilst for the peripheral reaching analysis, trials in
which an eye movement was detected were removed. The
percentage of free reaching trials in which no eye movement
was detected was .2% for HC, .2% for MCI and .1% for AD. The
percentage of peripheral reaching trials in which an eye
movement was detected was 3.2% for HC, 10.5% for MCI and
10.8% for AD. Eighteen trials (9 HC, 2 MCI, 7 AD) were excluded
as extreme outliers (Absolute Error >4 within-participant
standard deviations from the mean).

The raw movement data were filtered by a dual pass
through a Butterworth filter with a low-pass cut-off of 20 Hz.
Movement onset was defined as the first frame in which the
IRED speed exceeded 50 mm/sec, provided that it did not fall
below this level for at least 100 msec. Movement offset was
defined as the first subsequent frame the IRED speed fell
below 50 mm/sec.

The reach endpoint was defined as the landing coordinates
in the x (horizontal) and y (depth) dimensions in the final
frame of movement, and the Absolute Error (in mm) was
calculated as the 2D distance in this plane from the target
location determined during the calibration step (Mitchell
et al., 2020). The Peripheral Misreaching Index was calcu-
lated using reaching error for the two most eccentric target
locations (300 and 400 mm) only, as these locations are within
a similar eccentricity range to those in the lateral reaching
task. Due to slight differences in viewing distance between
sites, target eccentricity is reported in mm (rather than de-
grees of visual angle).
2.5.2.2. CONFIRMATORY ANALYSES. Case-control comparisons
were conducted in the same manner as for lateral reaching to
estimate rates of peripheral misreaching in MCI and AD
groups. Each patient was referenced to control data from the
same site to account for slight differences in set-up between
the two sites.

Abetween-groups ANOVA of Peripheral Misreaching Index
was also conducted with site (UOE, UEA) and participant age
as covariates.

2.5.2.3. EXPLORATORY ANALYSES. To explore the effect of eccen-
tricity on peripheral radial reaching, the median Absolute
Error was calculated for each target eccentricity, for each
combination of viewing condition (free, peripheral) and side
(dominant, non-dominant). A mixed measures ANOVA was
run on Absolute Error across all target locations, with a
between-subjects factor of group, within subject factors of
viewing condition (free, peripheral) and eccentricity (100, 200,
300 and 400 mm), and site (UOE, UEA) and age as covariates.

Similar exploratory analyses were conducted on Reaction
Time (time from target onset to movement onset) and Move-
ment Time (time from movement onset to movement offset).
As the entire reach movement was tracked, further explor-
atory analyses were conducted on Peak Speed, Acceleration
Time (time to Peak Speed) and Deceleration Time (time after
Peak Speed).

3. Results
3.1. Lateral reaching

3.1.1. Confirmatory analyses

Case-control comparisons on Peripheral Misreaching Index
detected significant peripheral reaching deficits in 1/10 (10.0%)
MCI patients and in 1/16 (6.25%) AD patients (Fig. 3,
Supplementary T1). Binomial tests found that this observed
rate of peripheral misreaching was not significantly above
chance for either the MCI (p = .40) or AD group (p = .56). An
ANOVA revealed no significant effect of group on the Periph-
eral Misreaching Index (Fp 47 = .01, p = .99, 77123 =.00).

3.1.2. Exploratory analyses

For Absolute Error (Fig. 4A), significant main effects of viewing
condition (F1,4; = 103.96, p < .001, 3 = .69) and eccentricity
(F1s,703 = 21.28, p < .001, ng = .31) were observed, as well as a
significant interaction of view by eccentricity (F1 5703 = 17.40,
p <.001, 5} = .27). This suggests that reaching error increases
with target eccentricity, in the peripheral reaching condition
only. No significant effect of group was found (F,4; = .62,
p = .94, 72 = .00).

For Reaction Time (Fig. 4B), there was a significant increase
for peripheral, compared to free reaching (F;4; = 52.23,
p < .001, TI% = .52). No significant main effect of group
(F2,47 = .54, p = .59) or other main effects or interactions were
identified.

For Movement Time, a significant main effect of group
(Fig. 4C) was found (Fp4; = 8.17, p = .001, 53 = .26) and
pairwise comparisons showed that overall Movement Time
was significantly higher in patients with AD compared to
MCI (p < .001) and HC groups (p < .001), and significantly
higher in MCI compared to HC (p < .001). Movement Time
significantly decreased in peripheral, compared to free
reaching (F1 47, = 79.16, p < .001, 7112) = .63) and significantly
increased at higher target eccentricities (F19ss6 = 132.84,
p < .001, n}z) = .74). A significant interaction of viewing con-
dition by eccentricity was observed (F19908 = 3.54, p = .03,
17123 =.07).

3.2. Radial reaching

3.2.1. Confirmatory analyses

Case-control comparisons on Peripheral Misreaching Index
detected significant peripheral reaching deficits in 1/10 (10.0%)
MCI patients and in 3/17 (17.65%) AD patients (Fig. 5,
Supplementary T2). Binomial tests found that this observed
rate of peripheral misreaching was not significantly above
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Fig. 3 — Peripheral reaching error for the lateral reaching task. (A) Lateral Peripheral Misreaching Index (PMI) for each
participant, for non-dominant (ND) and dominant (D) sides. (B) PMI averaged across side for each participant. Diamonds show
significant deficits in case—control comparisons. Crosses show mean Peripheral Misreaching Index within groups and side
(A) and within groups across side (B). (C) Peripheral reaching endpoint (mm) along the x and y-axes for each group relative to
target position, collapsed across three target locations per eccentricity (empty circles), for both right and left sided targets.
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chance for MCI (p = .40), nor convincingly above chance for the
AD group (p = .05). An ANOVA found no significant difference
in peripheral reaching errors between groups (F,s6 = .81,
p = 45,12 = .01).

3.2.2. Exploratory analyses
Absolute Error (Fig. 6A) increased significantly with target
eccentricity (F1.91042 = 101.32, p < .001, 77123 .64) and in pe-

ripheral compared to free reaching (F;s¢ = 184.34, p < .001,
?712, = .77). A significant interaction of viewing condition by
eccentricity was also found (F16ss5 = 74.99, p < .001, ?7]23 =.57).
However, there was no significant main effect of group
(Fa,56, = 2.40, p = .10, 73 = .08).

RT (Fig. 6B) increased significantly for peripheral compared
to free reaching (F1 s = 18.68, p < .001, ﬂf, =.25) and with target
eccentricity (Fs16s = 20.40, p < .001, ﬂf; = .27). A significant

interaction effect was also found between viewing condition
and eccentricity (Fz163 = 9.18, p = .002, 171% = .14). However,
there was no significant effect of group (F14764 = .07, p = .94,
17% =.00).

For Movement Time (Fig. 6C), a significant effect of group
was observed (Fuss = 542, p = .01, 71123

= .16). Pairwise-
comparisons revealed that Movement Time was significantly
higher in both AD (p < .001) and MCI (p < .001) compared to HC.
Movement Time was found to be significantly lower in periph-
eral reaching, compared to free reaching (F; g5 = 16.74, p = .001,
?712, =.23) and increased with target eccentricity (F;.4,135.5 = 41.99,
p<.001, 71;2, =.43). A significant interaction of viewing condition
by eccentricity was also observed (F,.71494 = 9.86, p < .001,
75 =.15).

Peak Speed (Fig. 6D) was significantly higher during free
reaching, compared to peripheral reaching (F; g5 = 54.19,p <.001,
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77123 = .45) and for larger target eccentricities (F16g91 = 817.04,
p <.001, nlzj = .93). A significant interaction effect of view by ec-
centricity was also identified (F,.4,138.4 = 15.23, p < .001, 77123 =.19).
No significant difference was observed between groups
(Fa56 = .82, p = .45).

Acceleration Time (Fig. 6E) was significantly greater for free
reaching, compared to peripheral reaching (F; s = 7.37,p = .001,
71123 =.12) and significantly increased as a function of target ec-
centricity (F1.0,1050 = 82.38, p < .001, ﬂf, = .60). Although no sig-
nificant main effect of group was identified (F, s¢ = 1.81, p = .17),
a significant interaction between group, viewing condition and
eccentricity was found (Fs » 1465 = 2.98, p = .001, 71;2) =.10).

Deceleration Time (Fig. 6F) was significantly greater for
patient groups than healthy controls (F,s¢ = 10.36, p = .001,
71123 = .27). Pairwise comparisons showed that Deceleration
Time was greater in both AD (p < .001) and MCI (p < .001)
compared to HC, but did not differ significantly between MCI
and AD (p > .99). Deceleration Time was also significantly
shorter in peripheral reaching compared to free reaching
(F1,56 = 34.12, p < .001, 77123 = .38) and differed across target

eccentricities (F,.31301 = 18.20, p < .001, 17%, = .25). A significant
interaction effect of view by eccentricity was also found
(F2'7’150'3 = 13.81, p< .001, 7]% = 20)

4, Discussion

The present study tested the impact of AD on the ability to
reach to targets in peripheral vision, a symptom that charac-
terises optic ataxia, the classic visuomotor deficit following
damage to the PPC. When reaching towards objects we typi-
cally look towards the object prior to the reach, therefore,
deficits of peripheral reaching could easily go unnoticed un-
less specifically tested. Two tasks were used to assess whether
impairments of reaching to targets in the peripheral visual
field is a prominent feature of AD and amnestic MCI. In both
the lateral and radial reaching tasks, single-case comparisons
to the range of performance in older adult controls revealed
significant peripheral misreaching in a small number of pa-
tients only, and differences did not emerge at the group level.
Therefore, gross peripheral reaching deficits similar to what is
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observed in optic ataxia seem not to be a characteristic
symptom of AD or amnestic MCI. This result is perhaps sur-
prising, given metabolic and structural changes observed in
AD in brain areas closely associated with the control of visu-
ally guided reaching (Gordon et al., 2018; Jacobs et al., 2012).
The preservation of accuracy during reaching is in line with
other studies of visuomotor control in AD (Salek et al., 2011;
Tippett et al., 2007; Tippett & Sergio, 2006). Our data suggest
that this preservation of spatial accuracy extends even to the
considerably more demanding condition of reaching to targets
in peripheral vision.

Although spatial accuracy was preserved, exploratory
analyses did reveal consistent differences in the timing of
reaches between patients and older adult controls. In-
dividuals diagnosed with MCI and AD had significantly
longer Movement Times than those healthy controls, and in
the lateral task those with AD had longer Movement Times
than those with MCI. This is consistent with a graded

increase in reach duration associated with increasing
cognitive impairment. These findings support previous
studies that found longer reach durations during simple,
visually guided reaching in early stage AD and MCI (de Boer
et al,, 2016; Salek et al., 2011; Tippett et al., 2007; Verheij
et al., 2012). Alongside this, increased Movement Time has
been previously associated with parietal lobe damage (Rossit
et al.,, 2009, 2012), which suggests that these results are
indicative of a visuomotor impairment associated with
changes to the PPC.

Extended Movement Time could be suggestive of a more
general bradykinesia associated with cognitive decline in AD
and MCI (Bologna et al., 2020; Ott et al., 1995; Scarmeas et al.,
2005). However, more detailed analysis of the kinematic
reaching profiles found that patients reached a similar Peak
Speed to healthy participants, at a similar time, and that the
increased Movement Time was chiefly attributable to an
extended phase of reaching after this point of Peak Speed
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(Fig. 6F). This effect was equally present in free and peripheral
reaching, pointing to a general change in reach execution,
rather than a specific problem with peripheral targets. The
Deceleration Time is strongly associated with the imple-
mentation of feedback-based corrections as the hand ap-
proaches the target, in both simple reaching (Bootsma et al.,
1994; Soechting, 1984) and more complex grasping tasks
(Jeannerod, 1986; McIntosh et al., 2018).

There are two obvious candidate explanations for this
extended Deceleration Time. The first is that initial movement
programming is less accurate in patient groups. As a result,

individuals may depend more heavily on visual and proprio-
ceptive feedback to maintain terminal accuracy during
reaching. This is supported by previous studies showing that
reducing visual feedback significantly reduces reaching ac-
curacy in AD (Ghilardi et al., 1999, 2000). A second, non-
mutually exclusive, possibility is that the efficiency of
feedback-based control is itself reduced, so that an extended
Deceleration Time is required for these feedback processes to
operate. Either account would predict that limiting the
amount of time patients have to reach to visual targets, would
result in inflated spatial error to visual targets. This could be
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tested by using fast-paced reaching tasks, preventing strategic
prolongation of deceleration time. Both possibilities support
the notion that cognitive impairment in AD may be accom-
panied by subtle deficits of visuomotor control, which may be
exposed as spatial inaccuracies under certain task con-
straints. Alongside this, in the future, tracking eye movements
during free reaching could provide insight into possible ab-
normalities of oculomotor responses in visually acquiring the
target (Anderson & MacAskill, 2013; Garbutt et al., 2008;
Shakespeare et al., 2015), which could be potentially related to
slowed or inaccurate reaching.

Another thing to note is the reduced Movement Time for
peripheral compared to free reachingin all groups, which may
be linked to increased dependence on visual feedback during
goal-directed movements. There is a body of literature that
shows healthy older adults slow down goal-directed reaching
movements and depend more on visual feedback than
younger adults (Mason et al., 2019; Zanto & Gazzaley, 2014).
This could lead to increased response time under conditions
where rich visual feedback is available (e.g., free reaching)
compared to conditions where it is reduced (e.g., peripheral
reaching). As visual feedback is reduced in the peripheral
reaching task, it is possible that the movements are less
carefully monitored than in free reaching, and that less use is
made of feedback-based corrections. The extended durations
for free reaching, providing more opportunity for closed-loop
feedback-based control, may also help explain the very high
spatial accuracy in this condition.

In our sample, 3/17 individuals with AD showed severe
peripheral reaching deficits in the radial task, compared with
1/16 for lateral reaching. This pattern of heterogeneity in AD
symptoms has been previously identified in visual motion
processing (Mapstone et al., 2008; O'Brien et al., 2001) and may
suggest that severe visuomotor deficits are present in a small
sub-population of individuals with typically developing AD. It
is possible that these patients present with a differential
impairment to the PPC similar to what can be observed in PCA
and further investigations of structural and functional brain
changes in such patients are required. However, the number
of patients with significant peripheral misreaching was too
few to rule out the possibility that the difference is simply due
to sampling variability. It is also possible that a generalised
reduction in visual acuity in the peripheral field of patients
with AD decreases the accuracy of reaching to peripheral
targets. We included a visual detection task to confirm that
participants could see the reaching targets, but we did not
formally assess visual acuity at peripheral target locations. A
more detailed visual assessment is required to rule out a pri-
mary visual contribution in these patients.

The purpose of this study was to determine whether optic
ataxia-like deficits were presentin AD and MCI. On the basis of
our preliminary findings, we conclude that substantial pe-
ripheral reaching deficits are not a common feature of AD.
However, increased duration of reaching movement was
observed in both AD and MCI, attributable to an extended
Deceleration Time in both groups. This suggests that in-
dividuals with cognitive impairment may strategically pro-
long visually guided movements to maintain accuracy and it
highlights a relatively subtle visuomotor impairment in AD,

consistent with findings from previous studies (de Boer et al.,
2016; Ghilardi et al., 1999; Tippett et al., 2007, 2012; Tippett &
Sergio, 2006; Verheij et al., 2012). Future research should
focus on understanding whether changes to the PPC in pro-
dromal AD contribute to this deficit. It may also be prudent to
investigate whether timing differences identified in AD match
those observed in individuals with optic ataxia and other
forms of parietal damage.
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