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ABSTRACT OF THE DISSERTATION

Assessing Ankle Proprioception using a Novel Robotic Device: Generalizability, Parameter
Sensitivity, and Predictive Power for Stroke Rehabilitation
by
Christopher Ameron Johnson
Doctor of Philosophy in Biomedical Engineering

University of California, Irvine, 2024

Professor David ]J. Reinkensmeyer, Chair

Stroke is one of the leading causes of disability worldwide because it often creates
both sensory and motor deficits, which impact the ability to complete activities of daily living
such as walking. Rehabilitation therapy can promote recovery of movement after stroke, but
response to rehabilitation is highly variable. Understanding this variability would help
optimize treatment. Most assessments focus on the motor effects of stroke - such as
hemiparesis - but there is emerging evidence that proprioceptive deficits play an important
role in determining the response to movement rehabilitation after stroke. However, at
present, there is a large diversity of techniques to measure proprioception, ranging from
crude clinical assessments to complex robotic assessments. Further, it has been
hypothesized that each assessment measures a different aspect of proprioception, such that
generalization is minimal. Therefore, it is unclear which technique is best for gaining insight
into movement rehabilitation. Here we focused on the ankle, a key joint for propulsion and
balance. We designed and built an innovative robot for testing ankle proprioception and

then used it to investigate the following questions: 1) How do proprioceptive errors depend
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on assessment parameters such as range of motion (ROM) and speed of movement? 2) Do
different ankle proprioceptive assessments generalize in persons with stroke? 3) Is there
site (i.e. joint) specificity to proprioception? 4) How well do ankle proprioceptive
assessments predict gait function in persons with stroke? To answer these questions, we
implemented two robotic proprioceptive assessments, joint position reproduction and
Crisscross. Joint position reproduction is a well-established proprioceptive assessment, and
Crisscross is a novel assessment that has implementation advantages for people with stroke.
First, we found that proprioceptive acuity depends on the assessment parameters, with
anticipatory errors increasing at slower speeds and with ROM. Second, we found
generalization between the assessments in older unimpaired and stroke impaired
individuals, but not younger unimpaired individuals. Third, we found proprioceptive
processing has a body-general attribute that is shared across the ankles and fingers,
particularly for young unimpaired participants. Lastly, we found that proprioceptive
impairment weakly predicted gait speed after stroke, even though proprioceptive
impairment was independent of motor impairment. As a side note, we also validated the
robot for use to measure ROM and strength after stroke, showing that it has comparable
reliability to experienced therapists but advantages in terms of resolution for strength
measurement. This work therefore validates a novel robotic assessment of ankle
proprioception (Crisscross), confirms its generalizability, and demonstrates its ability to
quantify the effect of proprioceptive impairment on gait function after stroke. This work also
provided the infrastructure to predict response to gait training after stroke using

quantitative measures of proprioception acuity.
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CHAPTER 1: INTRODUCTION

Stroke is one of the leading causes of disability worldwide, creates both sensory and
motor deficits, and impacts the ability to complete activities of daily living [1]. An estimated
one in four people worldwide will experience a stroke in their lifetime [2], with
approximately one third of strokes resulting in death [3], and an estimated 75% of survivors
experiencing difficulty walking [4], [5]. One of the most common deficits after stroke is
hemiparesis, the loss of volitional movement and weakness on one side of the body [1], but
somatosensory deficits, which relate to the ability to feel skin touch (cutaneous sense) or
sense joint position (proprioception), are also common [6]. Rehabilitation can promote
recovery of lost function and independence after stroke, but the response to rehabilitation is
highly variable [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18].

The human shank and foot complex is an intricate, multi-joint mechanism, which is
fundamental for the interaction between the lower limb and ground during locomotion [19].
The ankle is one the most fragile portions in the human body and is easily injured in daily
life when it experiences unexpected forces or loses sensory-motor capability [20]. To
enhance understanding of gait neurorehabilitation, better knowledge of the physiological
mechanics of the ankle complex still remains a crucial issue [19].

Foot drop is one of the most common gait dysfunctions arising from neurologic
injuries and is especially common after stroke [21]. Foot drop arises from significant
weakness of ankle and toe dorsiflexion during the swing phase of gait [22] and increases the
risk of tripping and falling. To combat this, stroke-impaired individuals go through
rehabilitation aimed at improving their lost ankle function. However, loss of ankle function
often persists, and people are in need of ongoing rehabilitation even years after the stroke,
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contributing to the expected increase in the healthcare cost for post-stroke patients in the
next decade [23]. In order to reduce the cost and increase the efficacy of post-stroke
rehabilitation, it is crucial to determine methods that prove to provide the best outcomes for

foot drop [24].

ANKLE REHABILITATION AFTER STROKE

Repeated, intensive physical therapy sessions are commonly prescribed in an attempt
to restore the lost function in the ankle after stroke. These sessions require cooperative and
intensive efforts from both therapists and patients [25], [26]. Selection of therapeutic
procedures is often based on the subjective perception of the therapist instead of an
objective evaluation of clinical data [27]. To address foot drop, the most commonly selected
exercise is probably to practice dorsiflexing against elastic bands in order to strengthen the
ankle dorsiflexion muscles, but compliance with this exercise can be partial because it is
repetitive and monotonous. Further, this exercise does not specifically target the ankle
somatosensory deficits that may also contribute to gait deficits, or the integration of ankle
control into locomotor function. Even after physical therapy, between 30% and 60% of
stroke survivors remain affected by gait function impairments [16], [28], with foot drop
often being the primary cause [29].

When foot drop persists, ankle-foot orthoses (AFO) are the most popular assistive
approach to address it. These brace-like plastic orthotic devices are designed to be applied
externally to the ankle foot joint to prevent foot drop during swing phase of gait [30]. They
have been shown to improve alignment of the ankle joint [31], increase walking speed [32],

and reduce energy consumption during walking [33]. However, they have limitations, such
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as inhibiting normal push-off during walking [34], reducing gait adaptability [35], and

encouraging muscle weakness and atrophy when used over the long term [30].

ROBOTIC TECHNOLOGY FOR GAIT REHABILITATION

There is a need for novel rehabilitation techniques that enable therapists to provide
efficacious interventions without increasing the burden on staff and resources [36]. To try
to achieve these goals, there has been a dramatic increase in the development of robotic
rehabilitation technologies over the past 40 years [37]. Robotic devices can provide
repetitive, systematic, and prolonged ankle rehabilitation treatment as compared to the
manual therapy [21]. Robotic devices can also apply or assist in limb motions in multiple
DOFs without physical therapists’ intervention. Furthermore, robots can provide a rich
stream of data that can potentially be used to facilitate patient diagnosis, customize
therapies, and maintain patient records [25]. In a recent review of robotic rehabilitation, the
authors summarized the results of several surveys given to physical and occupational
therapist to gauge their opinions about rehabilitation robots [38]. They found that therapists
had positive impressions of the devices because patients like to use them and because they
perceive them as having potential to increase accessibility, autonomy, and comfort, and
reduce costs [38].

Many robotic devices have been developed to assist in gait rehabilitation [39], [40].
These devices can be classified in two different ways. First, they can be wearable devices or
grounded/platform-based devices. Wearable devices [39] are portable devices such as
robotic orthoses and exoskeletons or active ankle-foot orthoses that are worn in order to
assist in lower limb movement during the gait cycle, and can be used to for assessment,

therapeutic, and assistive purposes. They must be lightweight and portable. Platform-based
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devices are mechanically grounded and can take the form of exoskeletons or end-effector
devices for assisting in the gait cycle or single-joint devices. These devices can be used for
assessment or therapy but are not worn for assistance in daily activities like walking. They
typically are heavier and can use larger actuators that are mechanically grounded to provide
better control fidelity.

A second way to view rehabilitation robots, as already partially alluded to in the
above paragraph, is that they can be multi-joint or single-joint devices. Figure 1 shows
different types of multi-joint robots. Numerous clinical trials have provided evidence that
rehabilitative therapy conducted with all three types of multi-joint robots (grounded
exoskeletons, end-effector devices, and wearable exoskeletons) can help improve gait
function [39]. Figure 2 shows single-joint, platform-based devices. For these devices,
participants are typically in a seated position and only one joint is actuated, with the most
common joints being the ankle and the knee (Figure 2). This simplified set-up allows a high
fidelity of motion control and sensing to be achieved, allowing a precise analysis of joint-
based function. Platform-based, single-joint robots typically use large motors and have low
portability. Further, because they focus on one joint, their ability to improve the more
complex motor activity of gait is an open research question. However, in a recent review
[41], the authors found that platform-based robots focused on ankle function indeed allow
ankle function to be improved with repeated training, and that this resulted in improved gait
function. As detailed in Chapter 2, this dissertation developed a novel platform-based robot

to aid in the quantification of ankle sensory motor function after stroke.
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Grounded
Exoskeletons

End-effector
devices

Wearable
Exoskeletons

Figure 1 Multi-Joint Robotics for Gait Rehabilitation. The top row shows examples of grounded
exoskeletons (Lokomat [218], LOPES [219], ALEX [220]). The middle row shows examples of
end-effector devices (Gait Trainer [221], Haptic Walker [222]). The bottom row shows
examples or wearable exoskeletons (Rewalk [223], Ekso Bionics [224], Indego [225]).

IMPORTANCE OF PROPRIOCEPTIVE ASSESSMEMENTS

Traditional approaches towards neurologic movement rehabilitation can be
characterized as bottom-up approaches, where therapies are applied that act on the distal

physical system (i.e. the limbs and joints at the “bottom” of the control system) aiming to
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Biodex RARS

Figure 2 Single-Joint, Platform-Based Robots for Ankle Rehabilitation (ARBOT [226], Vi-RABT [227], Biodex
[228], RARS [229])

influence the neural system (i.e. the “top” of the control system), but an increasing number
of researchers are pursuing a top-down approach, consisting of defining the rehabilitation
therapies based on the state of the brain after stroke [42]. The increasing interest in top-
down approaches can be attributed to the heterogeneity in stroke recovery [43], meaning
not all participants benefit equally from therapy. Many randomized controlled trials (RCTs)
have now shown that stroke survivors benefit different amounts from physical therapy [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]. These RCTs raise the question, are
there baseline clinical measurements that can be used as predictors of treatment response?

Avariety of studies have found moderate correlations between treatment responders
and measures of stroke location, neural connectivity, and neural activity [44], [45], [46], [47],
[48], [49] . However, obtaining these neuroanatomical and neurophysiological measures is
time consuming and expensive, because they typically rely on use of magnetic resonance
imaging (MRI) systems or sophisticated electroencephalography (EEG) systems. A key,
outstanding goal in rehabilitation science, therefore, is to identify predictors of treatment
response that are simple to implement and therefore accessible for clinical practice.

A biological measurement that shows promise in predicting treatment responders is
proprioception acuity. Proprioception is one’s ability to integrate sensory signals to
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determine body and limb position and movements in space [50]. Proprioception is thought
to play a key role in motor learning by providing the feedback signals needed to guide
learning [51], [52], [53] - in this, sense, proprioception might be considered a “top-level”
signal used for motor performance. Recent studies have shown that proprioception acuity
is a strong predictor of treatment response of the upper extremity after stroke [8], [11], [54],
[55], but to our knowledge no studies have examined its ability to predict the treatment
response to lower extremity therapy after stroke. Therefore, as described in detail below,
this dissertation seeks to develop a novel test of ankle proprioception, in order to help to
answer the question: does baseline lower extremity proprioception acuity predict gait
rehabilitation treatment response?

Many tests for assessing proprioception have been developed using manual
techniques, simple mechanical technologies, or robots [56], [57], [58], [59]. A recent review
counted 1346 different types of proprioceptive measurements that fit within three classes:
method of adjustment, where participants have to adjust the level of a stimulus to a
reference; method of constant stimuli, where participants have to judge standard and
comparison stimuli presented in pairings; and method of limits, where participants have to
indicate the appearance or disappearance of a stimulus [56]. Horvath et al. also proposed a
finger-grained classification system that clusters the measurement techniques based on the
eight aspects of proprioception they target (e.g. perception of joint position, trajectory,
velocity, force etc.) as well as the psychophysical paradigm they employ (method of
adjustment, constant stimuli, or limits) [56]. Despite this plethora of proprioception
measurement techniques, clinicians still rarely implement proprioception assessments in

clinical practice. When they do, they typically rely on course indicators of proprioception,
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such as whether an individual can detect the direction of movement of a joint when their

eyes are closed.

SUMMARY OF DISSERTATION

The impetus for this dissertation was to determine whether lower extremity
proprioception acuity predicts responders to gait rehabilitation after stroke. This goal was
identified in the context of a NIH-funded RCT at UCI that is using a brain computer interface
(BCI) with functional electrical stimulation (FES) to treat footdrop of chronic stroke
participants!. At the onset of the UCI BCI-FES RCT, we identified a need for a precise, valid
test of ankle proprioception. I therefore endeavored to create the technical infrastructure
needed to accurately assess ankle proprioception after stroke. As a secondary goal, we
desired that the technical infrastructure could also aid in the assessment of two other
fundamental aspects of ankle function - ankle range of motion and strength.

Chapter 2 describes the technical design and specifications of a novel robotic system
for assessing ankle proprioception as well as ankle range of motion (ROM) and strength (or
“maximum voluntary contraction” - MVC). The novel robotic system is a platform-based
system called the Ankle Measuring Proprioception Device (AMPD).

Chapter 3 examines how the parameters of ankle proprioception assessments
influence ankle proprioception acuity. This is an understudied area that has importance for
understanding how failing to standardize parameters of proprioception testing may cause

misrepresentation of proprioceptive integrity.

1 The BCI-FES RCT will finish after my planned dissertation completion. Therefore, while | will be involved in
publishing the answer to the question “does baseline lower extremity proprioception acuity predict BCI-FES
treatment response?”, the plan is that this publication will be submitted when | am a postdoctoral fellow. My
dissertation therefore focuses on the design and validation of a bilateral platform-based robot and implementing a
novel proprioception assessment.
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Chapter 4 presents the implementation of a novel ankle proprioception assessment
called Crisscross using AMPD, as well as the results of a study aimed at determining the
concurrent validity of Crisscross against a commonly used technique, joint position
reproduction (JPR). We examined three populations: unimpaired young individuals, chronic
post-stroke individuals, and unimpaired older individuals matched in age to the stroke
participants.

Chapter 5 examines if the ability to utilize proprioceptive information at different
joints is a body-general attribute or a site-specific attribute, that is, whether individuals who
perform better/worse on a proprioceptive task at one joint are also those who perform
better/worse at other joints.

Chapter 6 describes a study aimed at determining if AMPD is as effective as skilled
therapists at quantifying ankle ROM and dorsiflexion MVC. We compared robotic test-retest
reliability and validity in a group of 34 persons post-stroke to that of experienced therapists
making the same measurements in the same persons using a goniometer and manual muscle
testing. We also evaluated robotic test-retest reliability in 36 young and 26 older unimpaired
adults.

Chapter 7 examined the relationship between ankle proprioception and gait function,
as well as between ankle proprioception and ankle motor impairment, after stroke using
AMPD-based robotic assessments in 39 persons in the chronic phase of stroke.

As will be shown, the results of these experiments demonstrate the reliability and
validity of a novel platform-based robot (AMPD) for assessing ankle proprioception, as well
as for assessing ankle ROM and MVC. They also provide novel insights into ankle

proprioceptive function, including: indicating how assessment parameters affect
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proprioception acuity, identifying a component of proprioception processing that is body-
general (i.e. shared between the fingers and ankles), and showing that baseline
proprioception predicts gait speed post-stroke. Besides making these fundamental
contributions, this work also lays the groundwork for determining whether lower extremity

proprioception acuity predicts responders to gait rehabilitation after stroke.
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CHAPTER 2: DESIGN OF AN ANKLE MEASURING PROPRIOCEPTIVE
DEVICE (AMPD): A BI-IMPEDANCE ROBOT

SUMMARY OF CHAPTER

This chapter describes the design of a novel, bilateral, platform-based, robot for
measuring sensory motor function of the ankles. We describe the mechanical and software
design of Ankle Measuring Proprioceptive Device, including both a first version (AMPD 1.0)
and a second version with several improvements (2AMPD). Both AMPD robots have two
impedance states, mechanically rigid and mechanically transparent, which are chosen by
manually engaging (locking) or disengaging (unlocking) the rack and pinion. In its rigid
state, AMPD can be used to measure participants’ maximum dorsiflexion strength and can
independently move both ankles through participants’ dorsiflexion and plantar flexion
passive range of motion. In its mechanically transparent state, AMPD allows participants to
move their ankles on their own volition with minimal resistance, disconnected from the
motors. Use of a bi-impedance design thus allowed a high dynamic bandwidth (rigid or
maximally backdriveable) with use of low-cost motors, and, in addition, simplified the
control and safety of the robot. Further, with only two impedance states, we demonstrate

how a variety of fundamental motor and sensory assessments can be completed.

INTRODUCTION
The human ankle joint is a complex bony structure within the human skeleton and
plays a significant role in maintaining body balance during ambulation [60]. Because of this
role, it is of significant interest to quantify ankle function in a variety of pathophysiological

conditions, including during gait rehabilitation after stroke.
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Over the past four decades, the use of robotic devices in rehabilitation has increased
significantly [41]. Robotic devices allow application of controlled movements and provide
appropriate forces during training [61], [62]. They can also continuously monitor movement
performance to quantitatively assess outcomes and so that treatment can be objectively
adapted to the patient’s needs [62].

As reviewed in the introduction, robotic rehabilitation devices can be classified in two
different ways. First, they can be wearable devices or grounded/platform-based devices.
Wearable devices [39] are portable devices such as robotic orthoses and exoskeletons or
active ankle-foot orthoses that are worn in order to assist in lower limb movement during
the gait cycle, and can be used to for assessment, therapeutic, and assistive purposes.
Platform-based devices are mechanically grounded and can take the form of exoskeletons or
end-effector devices for assisting in the gait cycle or single-joint devices (Error! Reference s
ource not found.). For wearable devices they must be lightweight and portable, and
platform-based devices are typically heavier and can use larger actuators that are
mechanically grounded to provide better control fidelity.

A second way to view rehabilitation robots is that they can be multi-joint or single-
joint devices. For these devices, participants are typically in a seated position and only one
joint is actuated, with the most common joints being the ankle and the knee (Figure 2). This
simplified set-up allows a high fidelity of motion control and sensing to be achieved, allowing
a precise analysis of joint-based function, but typically use large motors and have low
portability.

Many platform-based robots that actuate a single joint, such as the ankle [63], [64],

limits their flexibility for proprioceptive assessments, since a range of proprioceptive
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assessments involve comparing positions of two limbs. Platform-based robots that have
implemented independent, bilateral support have typically used expensive and bulky
motors, which also have safety concerns for clinical usage [65], [66]. We decided to take a
different approach and design and build a two degree of freedom (DOF), dorsiflexion and
plantarflexion, bilateral platform-based robot using low-cost, speed-limited, linear actuators
(Figure 3). This chapter provides a technical description of the system hardware and
software of the Ankle Measuring Proprioceptive Device (AMPD) robot, including an initial

design and second design that improved on the first.

SYSTEM HARDWARE

Ankle Measuring Proprioceptive Device 1.0

Foot pedals: The foot pedals of AMPD 1.0 attach to the left and right foot of the
subject to allow dorsi-plantar flexion ankle movement of the left and right ankle (Figure 2).
Each footplate is 12.0 inches (L) X 4.5 inches (W) X 0.25 inches (H) and is attached to a
steel rotary shaft, and the rotary shaft is connected to the frame of the robot using
rotational bearings. The foot pedal is 15 inches from the ground to allow for clearance for
plantarflexion. The weight of each foot pedal is 1.86 pounds, which is similar to the weight
of a hiking boot. However, a counterbalance weight was attached to each shaft to remove
the weight of the foot pedal. The subject’s feet are strapped on top of the footplate, with
the shaft aligned to the lateral malleolus. Wood shim plates (1/8” thickness) are stacked to
separate the sole of the foot from the footplate by the appropriate amount to align the
malleolus. Foot straps (Reusable Cinch Straps, Amazon) are used to secure the patient’s
foot on the robotic footplate. A 3D printed heel was attached to the foot pedal, via Velcro, to

prevent any lateral movement of the foot in the sagittal plane.
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Transmission mechanism: Linear, ACME lead screw actuators (Progressive
Automations, PA-04-8-400-HS-24VDC) with a 12-inch stroke were used based on their
qualities of producing high amounts of force, having limited velocity, being compact, and
being affordable ($176). The linear actuator was rated to provide a max load of 400 Ibs. in
the push and pull direction at a speed of 0.51 in/sec under no load conditions and 0.16 in/sec
under full load conditions. As shown in Figure 4, a rack and pinion (NEXEN, 966819, 966800)
was used to translate linear to rotational motion. This rack and pinion have a special feature
that the pinion consists of bearing-supported rollers that rotate when they encounter the

rack to reduce friction. This is particular of interest to us because it gives AMPD the ability

AMPD 1.0 2AMPD

Figure 3. Photos of AMPD 1.0 (Left) and 2AMPD (Right)
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to disengage and re-engage the rack and pinion without teeth binding, which can happen
with a traditional rack and pinion system. The combination of a linear actuator and rack and
pinion provides a full range of motion of dorsiflexion and plantarflexion.

Sensors and Microcontroller: The AMPD transmission mechanism was equipped
with a compression and tension load cell (Interface, SMA-200) positioned between the linear
actuator and rack to measure torque. In addition, an angular quadrature encoder (E6B2-C,
1024 P/R) was connected the rotary shaft to measure ankle angular position (Figure 4). A
Teensy 4.0 (PJRC, Teensy) microcontroller was used as the control unit, both to read
information from the sensors and to control the linear actuators.

Platform: AMPD incorporates an adjustable seat and an adjustable sliding platform.
The seat consisted of a captain’s boat chair (Pontoon, RCL-Gray) and a lifting column
(Progressive Automations, FLT-03-2-1), that had optical distance sensors (4 meter, SEN-
14722) to measure chair position. The sliding platform consisted of two linear bearing
carriages (McMaster, 6713K14), two linear rails (McMaster, 6250K4), and a hand break
(McMaster,1685N17). All these mechanisms were powered using a 750W computer power

supply (Newegg, CAPSTONE 750M).

Improvements from AMPD 1.0 to 2AMPD

AMPD 2.0 is similar to AMPD 1.0, but with some usability improvements that were
identified after extensive clinical testing with 17 individuals with a stroke in collaboration
with expert physical therapists. First, AMPD 1.0 seat height was 33 inches, which required
use of a stepping stool and introduced safety concerns during transfers of subjects with
motor impairments. We reduced the height of the seat from 33 to 16 inches by designing

AMPD 2.0 so that it could be separated into two independent pieces, a rollable structure that
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holds the transmission mechanisms and one for seating (Figure 4). The sitting piece has a 3-
stage lifting column (TiMotion, TL3), which reduced the seating height drastically. Second,
we reduced the size of the transmission mechanism by using a linear actuator (TiMOTION,
TA16) with a 6 in stroke, which was rated to provide 1011 Ibs-force pushing and 562 lbs-
force pulling at a maximum speed of 2.2in/sec under no load conditions and 0.16 in/sec
under max load conditions. This allowed us to reduce the amount of space needed for the
transmission mechanism by placing the linear actuator underneath the rack and pinion
system (Figure 4). Third, we improved the ease of switching of impedance states by having
a latch that disengages the rack and pinion, to increase efficiency in transitioning between
robotic assessments (active range of motion, maximum strength, etc) (Figure 4). This was
achieved by allowing the horizontal mounting plate for the rack to rotate down in order to
disengage the rack from the pinion after it is unlatched. Lastly 2AMPD is able to adjust the
lateral distance between the feet. With AMPD 1.0 this distance was set to a fixed width of
12.5 inches, which is the average hip breadth during sitting obtained from anthropometric
data [67]. However, use of a fixed width caused the knees to point slightly inward or outward
dependent upon participants’ size and posture.

Thus, the major parts of AMPD 2.0 (2AMPD) are an adjustable mechanical seat, an
adjustable sliding platform that holds the footplates and transmission, a mechanism for
adjusting distance between the feet, a transmission mechanism, footplates for both feet, and
a control unit. The adjustable mechanical seat consisted of a captain’s boat chair (Pontoon,
RCL-Gray) and a 3-stage lifting column (TiMotion, TL3). The sliding platform consisted of
two linear bearing carriages (McMaster, 6713K14), two linear rails (McMaster, 6250K4), and

a hand break (McMaster,1685N17). The adjustable mechanism to adjust the width between
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the feet consisted of four linear bearing carriages (McMaster, 6713K14) and 4 linear rails
(McMaster, 6250K4). Linear actuators were connected to the linear bearing carriages. The
transmission mechanism consisted of a rack and roller pinion system (NEXEN, 966819,
966800), with the rack connected to the linear actuator (TiMOTION, TA16). The foot pedals
were custom made from aluminum and drilled with a honeycomb of holes to reduce inertia
during movement. A Teensy 4.1 (PJRC, TEENSY41) was used as the control unit.

Just like AMPD 1.0, 2ZAMPD has multiple sensors. The adjustable mechanical seat,
sliding platform, and adjustable feet width are equipped with distance sensors (4 meter,
SEN-14722) to measure chair position and feet width. The transmission mechanism is
equipped with a compression and tension load cell (Interface, SMA-200) to measure torque
and an angular quadrature encoder to measure ankle angular position (E6B2-C, 1024 P/R).
Slide potentiometer was implemented (DigiKey, 2368-NTE74HC14-ND) to streamline the
robot set up process, by setting the reference point for the incremental encoders without any
operator intervention. All these mechanisms were powered using an 850W computer power

supply (Newegg, P-9020188-NA).
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Potentiometer Actuator

Figure 4. 2AMPD transmission mechanism and impedance state for the left ankle. Top: transmission
mechanism with the foot pedal attached. Bottom: Operation of mechanism to transition between
impedance states

SYSTEM SOFTWARE

Control System

Both AMPD robots are programmed in C++. The linear actuators that move the foot
are driven using pulse width modulation (PWM) from the Teensy microcontroller. During
certain exercises AMPD must actuate the feet at certain speeds, therefore we implemented
a velocity proportional-integral-derivative (PID) controller that modulates the PWM fed to

the linear actuators by using the input of the encoders. The PID controller operates at 20Hz.
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Graphical User Interface

A customized graphical user interface (GUI) was developed using Microsoft Visual
Studious (C#) to control both robots. The initial page of the interface allows the operator to
input the subject identification number and visit type (Baseline, Weekly, Followup, etc.), but
the interface automatically enters the date from the computer to reduce user error (Figure
5A). On the main menu page AMPD showed four tasks that could be completed: active range
of motion (AROM), maximum voluntary contraction (MVC), and two proprioception tests —
Crisscross and joint position reproduction (JPR) (Figure 5B). Within each task window there
are detailed instructions on how to run that specific task correctly. During each task data is
plotted live in a window on the task screen for the operator to ensure data collection is of
quality (Figure 5C). When each task is completed, the GUI displays the data and displays a
notification box that the data has been saved. Also, the interface keeps track of the number
of trials completed and gives therapists the ability to put in notes for specific or multiple
trials. Figure 3 shows an example of the interface. The data generated from the trial is
acquired at 200 Hz and stored on a laptop in a text file. The data variables saved from each

trial are shown in Table 1.
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Table 1 All Data Saved that AMPD outputs at 200Hz.

Left Right
Angular Position (ticks) Angular Position (ticks)
Torque (mV) Torque (mV)
Torque Gain Torque Gain
PWM fed to motor PWM fed to motor

Intended Speed fed to PID | Intended Speed fed to PID
When motor is ON/OFF When motor is ON/OFF
Rack Position (2AMPD) Rack Position (2AMPD)

Time Data point was received (ms)
TTL Sync Pulse
JPR Matching Index
Version of Prop Assessment

A B

Please fill out information below

Aim 1: BCI-FES vs Conventional Therap: - Base Line 1 9

Thursday, September 22, 2022

Figure 5 AMPD GUI from the perspective of the operator. A) Input of subject identification number, study type,
type of visit and date. B) Main menu with all the exercises that could be completed. C) Example of active range of
motion for the right ankle.
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Conversion of Data from ticks and mV to Angle and Torgue

The encoders on AMPD robots are optical quadrature incremental encoders.
Incremental encoders are limited by only providing change in information, meaning each
time they turn on the reference position must be set for each ankle. The reference position
for us was neutral, the ankle is 90° in the sagittal plane between the foot and shank [68]. Each
time the digital signal is high the Teensy increments or decrements by one, which we will
call a tick, based on the rotation of the shaft. The resolution of these encoders is 12 bits,
meaning there are 4096 ticks to complete a full 360° rotation. With this conversion we
multiplied each tick by 0.088° to get angular position.

The load cells were positioned between the rack and linear motor to measure the
compression and tension of the rack and roller pinion system. Both AMPD devices are able
to modulate the gains of the amplification of the load cell signals to prevent saturation of
voltage and damage to the Teensy through the use of multiplexers (Digikey, 296-2058-ND)
and resistors. Using a low power instrumented amplifier (Digikey, INA125), we were able to

receive the forces applied to the load cell in mV. We converted the analog signal in mV to

1400+ AMPD 1.0 1400, 2AMPD
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Figure 6. Linear Regressions between weight (kg) applied and mV from load cell for each foot

pedal on each robot.
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torque using equation: torque =1 x F * cos (6). Where r is the radius, F is the force, and

theta is the angle. The radius in this case was the moment arm from the center of the shaft to

the front bolt of the foot pedal which was 0.21 meters. To obtain F, there were multiple steps

involved. First, we converted from mV, output of load cell, to weight (kg), by hanging known

weights of various sizes from the foot pedal and recording the output voltage (see Figure 6

and calibration equations from regression in Table 2). Lastly, we multiplied by acceleration.

For theta we used the angular position from the encoder.

Table 2 Linear Regression equations for each robot for left and right ankle

AMPD 1.0

2AMPD

Right Left

Right

Left

Sensitivity 1 (Default)

y=7933*x-7.76 y=96.36*x-7.21

y=79.76 *x+12.33 | y=88.31*x+6.94

Sensitivity 2 y=67.87*x-7.35 y=8190*x-596 | y=69.49*x+10.59 | y=75.75*x+5.03
Sensitivity 3 y=53.19*x-6.50 y=62.00*x-4.16 y=55.34*x+796 | y=58.82*x+1.15
Sensitivity 4 y =40.95*x -6.09 y=47.21*x-2.88 y =43.36*x +6.00 y=44.99 *x-1.06

CONCLUSION

This chapter detailed the mechanical design and system software of two, 2-DOF,

platform-based single joint robotic devices for measuring ankle function. Both robots were

designed with the considerations of interactive safety and interface friendliness. Also, both

robots have the ability to change impedance state fairly quickly, which gives us the ability

to create a wide variety of ankle motor and sensory function assessments.
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CHAPTER 3: EFFECT OF ROBOTIC TESTING PARAMETERS AND AGE ON
ANKLE PROPRIOCEPTIVE ACUITY

SUMMARY OF THE CHAPTER

Robotic devices can be used to improve proprioceptive assessments, but there is a
lack of knowledge about how programmable factors such as testing range and speed affect
proprioceptive acuity. Little is also known about how age affects ankle proprioception acuity.
To determine the influence of such factors, and how best to structure proprioceptive
assessments across a range of ages, we studied ankle proprioception acuity using the
Crisscross assessment with range and speed variations in 26 young (18-35 yrs) and 25 older
(50-88 yrs) unimpaired participants in a single session. For both groups, testing a smaller
range of motion significantly lowered proprioceptive error (p < 0.001). When we
normalized error by the maximum possible error that could be achieved, range of motion no
longer influenced acuity, providing a means to objectively compare errors from individuals
with different testing ranges. While both groups had poorer acuity at slower speeds due to
greater anticipatory errors (p < 0.001), older individuals performed significantly better at
slow speeds, which we speculate may be due to differences in preferred ankle velocity during
walking. Proprioceptive acuity significantly improved near the ends of the range of motion
for young and older participants (p<0.001) with the greatest error in the mid-extension of
the workspace. This is consistent with greater involvement of load and joint receptors at
joint limits. Interestingly, across testing parameters, contrary to our expectations, aging did
not significant deteriorate ankle proprioceptive acuity. In fact, older individuals showed
higher acuity across speeds and crossing positions compared to young adults, particularly

for timing error. These results show how the range and speed selected for a proprioceptive
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test affect proprioceptive acuity and highlight the heightened role of anticipatory errors at
slow speeds. Improvement in ankle proprioceptive acuity with aging is a novel finding that

deserves further exploration.

INTRODUCTION

For the lower extremity, proprioceptive signals related to leg kinematics and loading
are thought to play a key role in locomotor control and plasticity [69], [70], [71], [72]. In
rehabilitation after stroke, impaired proprioception predicts poor motor recovery [8], [11],
[54], [S5]. It is also well known as humans age deterioration occurs to the sensorimotor
system, which reduces sensory and motor performance and increases postural sway [73].
Balance loss and falls in older adults have been attributed to impaired lower limb
proprioception [74], [75].

Given its important role in motor function, there is interest in improving techniques
to quantify proprioception, to replace coarse, standard clinical assessments that are currently
available [76]. In a previous review, authors outlined the benefits of using lower limb robotic
devices for assessing proprioception because of high consistency in the protocol such as
speed, points of limb contact, and timing between trials [77]. However, introducing robotic
tools for assessing proprioception requires consideration of a broad design parameter space,
forcing engineers and clinicians to make decisions about the particular testing parameters to
use (e.g. speed and range), to optimize the goals of the assessment.

From neurophysiological studies, we know that proprioception is mediated by an
array of proprioceptors, including cutaneous receptors, joint mechanoreceptors, muscle
spindles, and Golgi tendon organs (GTOs) that show different sensitivities to speed and
tendon stretch [78], [79]. For example, muscle spindles exhibit greater firing rates at greater
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speeds [80]. Similarly, towards the extremes of the range of motion, muscle/tendon stretch
increases spindle, GTO, and joint receptor firing rates [81]. While several studies have
examined how such parameters impact proprioceptive acuity in the upper extremity [73],
[82], [83], few studies have looked at the influence of assessment parameters on
proprioceptive acuity at the ankle and how sensitivity to such factors change with aging [84],
[85].

To address this limitation, we applied a recently developed robotic proprioceptive
assessment, called Crisscross, to the ankles. Crisscross requires participants to indicate when
two joints are aligned as they are passively moved by the robot in a crossing pattern [86],
[87], [88], [89]. With this assessment we can measure not only positional sensing errors, but
also directional and timing related errors in position sense associated with motor planning
and on-line monitoring of motor performance. This assessment has previously been validated
for the fingers and was found to be sensitive to aging [86] and the presence of a prior stroke
[89], and predicted the ability to benefit from robotic finger training after stroke [87], [88]. A
key advantage of this assessment is that it does not require the participant to be able to move
the limb being tested, such that mobility is not a confound in assessing proprioceptive acuity,

nor does the test include a memory component, reducing the effect of cognitive factors.

In this study, we used Crisscross to evaluate the influence of assessment range of
motion (ROM or “workspace”), speed, and crossing position on different quantification
methods of proprioceptive acuity in young and older unimpaired adults. We hypothesized
that smaller assessment ROM would elicit smaller errors, as errors would be bounded by the
reduced workspace range. We expected proprioceptive acuity to improve at the kinematic

extrema—near the edges of the test workspace— and with greater speeds due to greater
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engagement of spindles and GTOs in these conditions. Lastly, we hypothesized that older
participants would have lower proprioceptive acuity compared to younger adults due to age-

related deterioration to the sensorimotor system.

METHOD

Participants

Young adults, aged 18-35 years old, and older adults, aged 50-88 years old, were
recruited for a single assessment session. Exclusion criteria were history of neurological
injury, musculoskeletal damage to the ankles, or current injuries that affected participants
ability to move or feel their ankles, or use of medication that would change how the brain
perceived pain/movement. The local ethics committee approved this study, and written
informed consent was obtained from each participant prior to participating, following

procedures established by the University of California Irvine Institutional Review Board.

Proprioception Testing Protocol

We implemented the Crisscross assessment by using a robotic device to move the two
ankle joints past each other and asking participants to push a button when they felt that their
ankles were aligned. To test the effects of the assessment workspace and ankle movement
speed, we created 4 different Crisscross tasks (see also Table 3), each comprised of total of
20 crossings.

Task 1 and 4: To test for ROM effects, we assessed participants using a workspace
equal to their full passive ROM (Task 1) and workspace equal to half of their passive ROM

(Task 4). We used the same speed parameters for each task.
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Task 1,2, 3: To test how speed affects the proprioceptive performance, we applied a
range of ankle movement speeds throughout the entire speed range achievable by AMPD: 2
to 20 deg/sec. We constrained the movement speeds of the AMPD to a lower range (2-8
deg/sec, Task 1), upper range (14-20 deg/sec, Task 2), or 70% of the speed range (6.5-20

deg/sec, Task 3). Four, equally spaced speeds were assessed in each task.

Table 3 Parameters experienced for each Crisscross task.

Task # 4 Speeds Ankle speeds Crossing
(deg/sec) per run Workspace
1 [2:2:8] Coupled Full ROM
2 [14:2:20] Coupled Full ROM
3 [6.5:4.5:20] Coupled Full ROM
4 [2:2:8] Coupled 50% of Full ROM

For each task, we programmed 2AMPD to passively move the ankle joints in opposing
directions in an alternating crossing pattern with vision of the legs occluded (Figure 5). We
instructed participants to press a button to indicate when they perceived their ankles to be
at the same angular position. For all participants, before beginning the test, a trained
operator assessed each participants’ passive range of motion by manually moving both
ankles to a comfortable maximum dorsiflexion and plantarflexion position. The assessment
workspace was then calculated by taking the smaller extent of dorsiflexion between the two
ankles, and the smaller extent of plantar flexion as well. The assessment workspace was then
split into 5 sections, such that a single crossing occurred in each workspace section, >60%

PF (extension), 60-20% PF (mid-extension), 20%PF - 20%DF (center), 20%-60%DF (mid-
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flexion) and >60% DF (flexion). This ensured an approximately uniform distribution of

crossing position and speeds in the assessment workspace. Example of Crisscross

assessment shown in Figure 7.

To ensure each participant understood the test, they first completed four crossing

movements with vision of their feet, giving verbal confirmation that they understood the test.

Then, with vision occluded participants performed each of the 5 tasks. Each participant

received a different pseudo-randomized task order that ensured a uniform distribution of

each task type (1, 2, 3, etc.) in each order (first, second, third, etc.) across participants, to

decouple potential learning or fatigue effects from task-specific effects. Within each task the

crossing positions and speeds were pseudo-randomized such that crossing position or speed

Crisscross Example
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Figure 7. Example of Crisscross. The top figure is the ankle trajectories and crossing positions
(denoted by circles) during Crisscross test generated by 2AMPD. Positive ankle angles correspond to
dorsiflexion and negative number correspond to plantarflexion. The bottom figure is ankle speeds
during Crisscross test generated by 2AMPD where the ankles can move at the same speed or
independent speeds for a crossing trial. CP = Crossing Position
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changed every trial, to ensure the assessment was unpredictable. For “Coupled” ankle speed

tasks, participants experienced all four speeds in each workspace section.

STATISTICAL ANALYSIS

We quantified proprioceptive performance using absolute error, normalized absolute
error, and timing error. Absolute error is defined as the absolute angular difference between
the left and right ankle at the moment of button press. Normalized absolute error is defined
by the absolute error divided by the maximum error that could be achieved. Timing error is
defined as the difference between button press and actual crossing in time, with negative
values signifying button presses before crossing position occurred and positive values
signifying button presses after crossing position occurred. Crossings in which a participant
did not press the button were excluded from analysis, meaning participants were not

penalized for missing a crossing.

We conducted statistical analyses using Matlab R2023 and JMP Pro 16 software.
Normality was tested using the Shapiro Wilks test. Since all data was normally distributed,
we used parametric tests. A two-way ANOVA was performed to analyze the effect of task and
age for each of the three metrics of proprioceptive acuity. To test for ROM effects, we
compared Tasks 1 and 4. To assess the influence of specific speeds and crossing positions,
we analyzed data from Tasks 1, 2, and 3. We defined crossing speed as the sum of the limb
speed magnitudes (i.e. sum of left and right ankle speed magnitudes). We used an ANOVA
to analyze the effect of crossing speed, crossing position and age on the three metrics of

quantifying proprioceptive performance. If significant effects were found, we used a Tukey's
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Honest Significant Difference (HSD) for post hoc analysis. We used an alpha level of 0.05 for

all comparisons and correlations.

RESULTS

We assessed proprioceptive acuity over a range of robotic assessment parameters in
26 young, unimpaired participants (13 male, 13 female; mean * SD, age = 24 * 4 yrs) and 25
older, unimpaired participants (11 male, 14 female; age = 64 * 10 yrs). All participants
completed each task. We focus first on the younger participants and then compare the older
participants. For each comparison statistic given below, we first performed an omnibus
ANOVA as described in the methods to confirm the presence of a significant effect, then

performed the post-hoc comparisons reported here.

Effect of workspace size

Absolute errors were significantly lower for the younger participants when
Crisscross was conducted across the half workspace (Task 4) compared to the full workspace
(Task 1) (Figure 8A, p < 0.0001). Timing errors were anticipatory and smaller for the half
workspace (Figure 8B). When we normalized error by workspace size, there was no longer

an effect of workspace size on error (Figure 8C, p = 0.98).
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Figure 8 The averages of all three-quantification metrics for the effect of ROM in young and older
participants. Error bars show +/- SD.
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Since decreasing the testing workspace decreased proprioceptive error, we analyzed
how error varied with the testing workspace set by the operator for each individual. The
testing workspace varied across participants because it was based on each participant’s
passive ROM, which varied across participants (Figure 9A). We found that participants with
larger ROM produced larger errors (r2 = 0.13, p < 0.008, Figure 9B). Further, we found that
the ROM set by the operator for younger participants (average + SD: 57.1°+ 8.8°) was
significantly greater than for older participants (51.1°+5.8°) (t-test, p = 0.005). When we

normalized error by ROV, it no longer varied significantly with ROM (Figure 9C).
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Figure 9. Relationship between ROM and absolute errors for young and older participants. A) Each participants
set dorsiflexion and plantarflexion position for the left and right ankle. B) Maximum error that could have been
achieved as a function of absolute average error. C) Maximum error that could have been achieved as a function of
normalized absolute average error.

Effect of speed and crossing position

Both normalized and timing errors were greater at slower speeds (Figure 104, 8B).
Normalized error was maximal at mid-extension (Figure 10C). Timing error was anticipatory
and increased significantly as crossing position moved to flexion, but the increase was small
(Figure 10D, p < 0.05).
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Effect of Age

Considering now the older participants, the general shape of the error curves in
Figure 10 for the older participants (red lines) was similar to that of the younger participants
(blue lines). However, some of the curves were significantly different. When they were
different, it was always because older participants had better proprioceptive acuity, and the
error measure that was most often different was timing error. For example, older
participants had significantly lower absolute and timing errors for the full testing workspace
(Task 1) (Figure 8A p = 0.0043, Figure 6B p = 0.023), but not the half workspace (Task 4)
(Figure 8A p = 0.92, Figure 6B p = 0.98). Normalized error was not significantly different

between young and old for the workspace experiment (Figure 8C p > 0.40).

When analyzing crossing speed, older participants had significantly smaller timing
error between 4 deg/sec to 12 deg/sec (Figure 10B p < 0.0001); normalized errors were not
significantly smaller (Figure 10A p > 0.20). For crossing position, older participants had
significantly less anticipatory timing error in the middle of their ROM compared to younger
participants (Figure 10D, p < 0.02), but again, normalized error was not significantly smaller

(Figure 10C, p > 0.20).
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Figure 10 The effects of crossing speed and position for young and older participants. Row 1: Effect
of relative crossing speed (x-axis) on normalized absolute error and timing error (y-axis). Row 2:
Effect of crossing position (x-axis) on normalized absolute error and timing error (y-axis)

DISCUSSION

We investigated how programmable factors such as testing range and speed affected
crossing and timing error for the ankle using Crisscross. We found that the testing workspace
significantly influenced proprioceptive performance, with better performance in smaller
testing workspaces. In addition, as we hypothesized, proprioception was better at greater
speeds and at the kinematic extrema. However, our hypothesis that age would reduce
proprioceptive acuity was incorrect. We will now discuss these results and their implication

for ankle proprioceptive assessment.

50



Effect of Testing Workspace

Consistent with our results, it has previously been shown for the upper extremity,
using a passive joint position reproduction task, that larger angular distances traveled
induced greater matching positional errors [82], [90]. One hypothesis, that was stated in
[82], is that the increased errors seen with larger movements reflect increased sensorimotor
noise caused by larger movements [52]. Alternately, there may be a measurement saturation
issue - if the testing workspace is only one degree of movement, then error cannot be greater
than one degree; thus smaller workspaces necessarily must have smaller errors. A third
possibility is that this phenomenon reflects some sort of neural recalibration, in which the
nervous system senses the decreased range of motion and somehow adjusts sensitivity to

the workspace.

In terms of proprioception testing methodology, these results show that quantifying
ankle proprioception error without correcting for testing workspace may inflate
proprioceptive acuity when the testing workspace is mall. We propose that normalized
absolute error might be a better indication of proprioceptive acuity for individuals with

different ankle ROM.

Effects of Crossing Speed

It was counterintuitive to us that proprioception acuity declined at slower speed.
Estimating the position of ones limbs seems like it would be easier when they are moving
more slowly. One possible explanation is that the proprioceptive system relies on velocity
sensing and then integrates the sensed velocity to estimate position. Then, if there are

increased velocity sensing errors or sensing noise at slower speed, this could explain the
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greater error. However, a model of position estimation based on velocity integration would
need to explain why the timing errors at slow speeds are asymmetrical. That is, participants
increasingly overly anticipated the crossing at slow speeds. The reason for this over-

anticipation is an interesting question for future research.

Effect of Crossing Position

Proprioceptive error increased in the middle of the workspace compared to the ends.
A possible explanation for this is that there was less engagement of spindle and GTO afferents

in the mid-range due to less physical stretching of these afferents in this range.

Effect of Age

When we observed an effect of aging on proprioceptive error, it was in the opposite
direction from what we expected: older adults had lower proprioceptive error. There was
especially apparent for timing error at slower speeds. There is a is large body of work that
has shown proprioceptive acuity decreases with aging [73], [74], [75], [91], and our finding
is unique to our knowledge. We speculate that older adults’ proprioceptive system was
better tuned to sense slower speeds because older individuals tend to move at slower speeds
compared to younger individuals. Studying this unexpected improvement in ankle

proprioception with aging is an important direction for future research.

Designing the Most Sensitive Crisscross Assessment for Aging

We can use the results of this study to inform the design of the best Crisscross
parameters to detect effects of age. We suggest using slower speeds, particularly in the 2 to
12 deg/sec speed range, because speeds above 16 deg/sec did not now show a consistent

significant difference between young and old. However, with slower speed, greater
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variability was seen, so determining the number of crossings to complete in a trial is essential
because too few trials can cause a misrepresentation of acuity. Also with slower speeds,
attention may influence performance, so keeping the number of trials as small as possible
may help maintain attention. We suggest a minimum of four attempts per speed is sufficient.
Normalizing absolute error can be done to account for within subject differences in acuity

due to variations in ankle ROM, however, timing error showed the most sensitivity to age.
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CHAPTER 4: GENERALIZATION AND VALIDATION BETWEEN PASSIVE
AND ACTIVE ROBOTIC TESTS OF THE ANKLE: EFFECTS OF STROKE AND
AGING

SUMMARY OF THE CHAPTER

Assessing ankle proprioception is important for a variety of clinical conditions
including during stroke rehabilitation but it is currently unclear how best to assess it. A
fundamental issue in selecting a proprioceptive assessment is that different assessments
target different aspects of proprioception; thus, it was recently observed that there appear
to be no generalizable tests of proprioceptive accuracy (Horvath et al. 2023). Using the
recommended Crisscross parameters stated in Chapter 3, we tested whether proprioceptive
accuracy measured with Crisscross generalized to a more commonly used technique, a
contralateral Joint Position Reproduction (JPR) test that required actively matching the
position of the target ankle (which was moved in a random pattern by a robot) with the other

ankle. We examined three populations: unimpaired, young individuals (N=42), individuals

with gait impairment in the chronic phase post-stroke (N = 40), and unimpaired, older

individuals matched in age to the stroke participants (N = 27). For the young group,
Crisscross and JPR accuracy were uncorrelated, as expected (p > 0.1). However, for both the
older and stroke groups, Crisscross and JPR were moderately correlated (r = 0.56, p = 0.002;
r = 0.55, p < 0.001), respectively, indicating generalization between assessments in these
populations. We also found that proprioception accuracy was significantly worse after stroke
compared to age-matched controls (mean age = 64), as expected, but, unexpectedly, not in

our older compared to younger group, suggesting that ankle proprioception accuracy was

preserved into at least 60 years old. Further, accuracy was better for JPR than Crisscross in
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all groups (p < 0.01). This suggests that actively moving the ankle during the assessment
improved proprioceptive estimation, a finding consistent with the theory of prediction of
limb position using a forward model. Finally, for the JPR test, when the robot stopped moving
the target ankle and allowed individuals to statically match ankle positions, they did not
reduce error. This suggests that proprioceptive accuracy is driven primarily by integrating
velocity signals rather than by directly sensing position. These results indicate that different
proprioception assessments can generalize under certain neurologic conditions (i.e. stroke-
related injury and aging), and provide novel information about the role of age, active

movement, and velocity-related signals in ankle proprioceptive accuracy.

INTRODUCTION

Proprioception is mediated by an array of proprioceptors, including cutaneous
receptors, joint mechanoreceptors, muscle spindles, and Golgi tendon organs (GTOs).
Multiple somatosensory brain areas process information from these proprioceptors [92]. It
is common after stroke for proprioceptive deficits to be present when damage occurs to
afferent pathways or to the neural circuits responsible for sensory integration and
perception [93], [94], [95]. About a third to half of people have somatosensory deficits of the
lower limb [96], [97], with somatosensory deficits and motor weakness resulting in worse
functional outcomes at six months than motor weakness alone in stroke [98].

Proprioceptive impairment after stroke is thought to affect the control of muscle tone,
disrupt postural reflexes, and impair spatial and temporal aspects of volitional movement
[99]. For the upper extremity, proprioceptive impairment also predicts the ability to benefit
from rehabilitative movement training, such as constraint-induced therapy [11] or robotic
hand movement training [8], [18], [100]. This suggests that proprioceptive feedback plays
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an important role in mediating use-dependent plasticity after neurologic injury. For the
lower extremity, proprioceptive impairment after stroke was found to be a predictor of
balance ability, fall risk, gait symmetry, stride length, and walking endurance [72], [101].
Such findings have led to the suggestion that evaluating proprioception should be an
important goal for understanding and improving rehabilitation in persons with stroke [59],
especially in the ankle [56], [102], [103], [104], [105].

Many tests for assessing proprioception have been developed using manual
techniques, simple mechanical technologies, or robots [56], [57], [58], [59]. Horvath et al.
counted 1346 different types of proprioceptive measurements that fit within three classes:
method of adjustment, where participants have to adjust the level of a stimulus to a
reference; method of constant stimuli, where participants have to judge standard and
comparison stimuli presented in pairings; and method of limits, where participants have to
indicate the appearance or disappearance of a stimulus [56]. Horvath et al. also proposed a
finger-grained classification system that clusters the measurement techniques based on the
eight aspects of proprioception they target (e.g. perception of joint position, trajectory,
velocity, force etc.) as well as the psychophysical paradigm they employ (method of
adjustment, constant stimuli, or limits) [56].

In their review [56], Horvath et al. highlight what they term a “current misconception
in the field”, i.e. “that results obtained with the use of one particular method with respect to
one particular body part (e.g., joint, muscle) can be generalized.” Their analysis of previous
studies suggests that proprioceptive accuracy exhibits both site-specificity and method-
specificity. On the latter point, they found no studies reporting a significant correlation

between different tests [106], [107], [108], [109], [110], [111], [112], [113], and many
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studies that reported test-dependent differences in specific proprioceptive abilities [83],
[84], [114], indicating lack of concurrent validity. However, another recent meta-analysis
that analyzed whether proprioceptive learning shows features similar to motor learning did
find some evidence of generalization between assessments after learning [104].
Generalization is related to the concept of “concurrent validity” in assessment theory, which
is exhibited when a test correlates with a previously validated test and justifies the use of the
new test.

The studies analyzed in Horvath’s review focused primarily on populations that were
either young unimpaired individuals [16], [21]-[28] or individuals with peripheral nervous
system rather than central nervous system (CNS) damage [14], [17]-[24]. Therefore, it
remains unclear if age of damage to the CNS will induce a correlation between different types
of proprioception measurements or will continue the trend of no correlation because of
method-specificity. This is an important question to answer in order to rationally design
proprioceptive assessment paradigms: how many types of assessments must one employ to
adequately characterize proprioceptive ability?

Proprioception can be measured using active and passive movements, or via a
combination of both, with, for example, an active limb being used to indicate the perceived
position of a passively moved limb. When considering the selection of a proprioceptive
assessment, tests that involve active motion might be preferred from the viewpoint of
external (ecological) validity, as they may better reflect the individual’s performance under
a wider variety of everyday circumstances [56]. However, for individuals with movement
impairments, such as persons post-stroke, passive movement proprioceptive methods may

be advantageous, because motor impairments - which appear bilaterally [115], [116] - may

57



confound the ability of an active limb to respond as desired. Using a passive proprioceptive
assessment may also estimate a more basic aspect of proprioceptive integrity because
sensing joint position after active motion is influenced by processes of sensorimotor
integration and cognition as well as motor control [59], [82]. There are studies that used a
bilateral assessment to reduce the influence of cognitive or memory impairment [82], but
there are few or no bilaterally passive proprioceptive assessments. Therefore, with a view
toward usage in stroke rehabilitation, we developed a novel proprioceptive assessment
called Crisscross, which aims to reduce the influence of active movement deficits and
memory impairment on the measurement of proprioceptive acuity [117] .

Crisscross combines components of movement discrimination, movement speed and
direction sense, comparison between relative limb positioning in space, and discrete
position matching (where by “discrete” we mean the test subject makes one proprioceptive
judgment per each movement trial). Of note, Crisscross asks individuals to judge limb
position relatively between to limbs, rather than by using proprio-visual reasoning to point
to where the limb is perceived to be [118], [119]. Studies that have employed Crisscross to
measure finger proprioception have found that the test is sensitive to aging [117] and
presence of a prior stroke [18], and was the strongest predictor of the ability of individuals
post-stroke to benefit from a three-week period of robotic finger training [8], [100].

Using the parameters recommended for Crisscross in Chapter 3, slower speeds,
particularly in the 2 to 12 deg/sec speed range, we tested its ability to quantify ankle
proprioception in unimpaired young individuals’ post-stroke, and unimpaired, older
individuals, comparing it to the results from a more commonly used type of proprioception

test, a JPR test. Even though Crisscross and JPR are different types of assessments (e.g.
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Crisscross is a passive assessment and JPR requires an active matching movement from the
subject), they both require joint position estimation and reduce the need for memory-based
matching. Based on the review by Horvath et al., we hypothesized that there would be limited
or no generalization of proprioceptive accuracy measured with Crisscross and JPR for
unimpaired, young individuals. However, we also hypothesized that damage to the
proprioceptive system caused by stroke or aging should cause generalizable errors across
these two proprioceptive assessments, since presumably these assessments must rely at

least in part on some degree of shared neural machinery.

METHODS

Participants

Young participants, aged 18-35 years old, and older adults with ages selected to
match the average age of our stroke participants, were recruited for a single assessment
session. For these participants the exclusion criteria were: history of neurological injury,
musculoskeletal damage to the ankles, current injuries that affected participants ability to
move or feel either their ankles, or use of medication that would change how the brain
perceived pain/movement. The dominant side was reported according participant
responses to which leg they use to kick a ball. The local ethics committee approved this study,
and written informed consent was obtained from each participant prior to participating,
following procedures established by the University of California Irvine Institutional Review
Board.

Persons in the chronic phase post-stroke (N = 40) who participated were enrolled in
an ongoing clinical trial designed to evaluate the efficacy of a brain-computer-interface
functional electrical stimulation system for treating foot drop (clinicaltrials.gov
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NCT04279067). The inclusion criteria were as follows: age 18-80 years, radiologically
confirmed stroke, with day of onset at least 26 weeks prior to day of randomization, gait
velocity < 0.8 m/s using the 10 Meter Walk Test [120], foot-drop in affected limb,
plantarflexor spasticity < 3 on Modified Ashworth Scale of Spasticity (MAS) [121], walk > 10
m (with or without ankle foot orthosis, and cane or walker permitted) at a supervised level.
Only baseline proprioceptive measurements were used for analysis. The local ethics
committee approved this study and written informed consent was obtained from each
participant prior to participating, following the procedures established by the University of
California Irvine Institutional Review Board.

A trained physical therapist assessed each participant with a battery of clinical
assessments, shown in Table 1. For the MAS, ankle plantarflexion scores that were marked

with a “+,” an additional 0.5 points was added for calculations.

Robotic Device

Two versions of Ankle Measuring Proprioceptive Device (AMPD and 2AMPD, an
improved version of AMPD) were used for this study. Chapter 2 describes these devices in
detail, but here we briefly describe 2AMPD, which is similar to AMPD (see Figure 3) with
some clinical usability improvements such as improved seating, robot mode switching, and
adjustment of feet width. To use ZAMPD, participants sit in an upright position with the hip
and knee bent at 90 degrees such that the shank is perpendicular to the ground, the center
of the lateral malleolus is aligned to the rotational shaft of 2AMPD, and the feet are adjusted
to be hip width. ZAMPD has two impedance states, mechanically rigid and mechanically
transparent. In its rigid state, ZAMPD can individually assist and move both ankles, via

motors (TiMOTION, TA16), through participants’ natural dorsiflexion and plantar flexion
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passive range of motion. In its mechanically transparent state, 2AMPD allows participants to
move their ankles on their own volition with minimal resistance. 2AMPD is equipped with
angular quadrature encoders to measure ankle angular position (E6B2-C, 1024 P/R) and s-
type load cells (Interface, SMA-200) to measure ankle force and then converted to ankle
torque. Data is acquired at 200 Hz and stored on a laptop.

Crisscross Test

For the Crisscross test, 2AMPD drove the left and right ankles in opposing directions
during a series of non-periodic ankle-crossings of different angular velocities (Figure 11A).
For each ankle-crossing movement, participants were instructed to press a handheld button
when they perceived their feet to be at the same angular position.

Chapter 3 describes how the ROM was set, but here we briefly describe the process.
For all participants, before beginning the test, a trained experimenter assessed each
participants’ passive range of motion by manually moving the unimpaired and impaired
ankle with 2AMPD in its mechanically transparent mode to a comfortable maximum
dorsiflexion and plantarflexion position. The assessment workspace was then calculated by
taking the smaller extent of dorsiflexion between the two ankles, and the smaller extent of
plantar flexion as well. The assessment workspace was then split into 5 sections, such that a
single crossing occurred in each workspace section, >60% PF (extension), 60-20% PF (mid-
extension), 20%PF - 20%DF (center), 20%-60%DF (mid-flexion) and >60% DF (flexion).
This ensured an approximately uniform distribution of crossings in the assessment
workspace.

To ensure each participant understood the test, they first completed four crossing

movements with vision of their feet, giving verbal confirmation that they understood the test.
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Then, with vision occluded by a large lap table, each participant experienced two crossing
attempts in each crossing workspace section in a randomized order, for a total of 10
crossover movements. Participants experienced four ankle speeds: 4.4, 5.7, 7.0, and 8.3
degrees/second (Figure 11B), which is in the recommended range stated in Chapter 3.
Individual ankle speeds were randomized such that the impaired and unimpaired ankle
mostly did not move at equal speeds.

Joint Position Reproduction (JPR) Test

Many variations in protocols for JPR have been proposed, some requiring active
reproduction of a passively imposed movement. Here we implemented a passive-active
contralateral JPR test, where the nondominant foot for unimpaired participants or impaired
foot for participants post-stoke was passively driven by 2AMPD (the “target ankle”), and the
dominant foot or unimpaired ankle (the “matching ankle”) was actively moved by the
participant to try to match the movement of the target ankle.

We designed the ankle joint trajectories to have two parts, which we term the
dynamic and static periods (Figure 11C). The dynamic periods consisted of 2AMPD driving
the target ankle at a constant velocity of 5°/s through its available dorsiflexion and
plantarflexion range (Figure 1C). Participants were instructed to match angular position and
speed using their matching ankle during these dynamic periods. Dynamic periods were
randomly interrupted by static periods where the robot stopped moving the ankle at a
pseudo-random set of positions distributed across the workspace. Participants were
instructed to match the angular position of the stationary target ankle by making fine
adjustments with their matching ankle. For each static period, unlimited time was given, and

participants were instructed to press a handheld button when they perceived their feet to be
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at the same angular position. The robot returned to a dynamic period after they pushed the
button. Just like Crisscross, all participants first performed a short practice test with vision
of their feet allowed and gave verbal confirmation that they understood the test. Then, their
vision of their feet was occluded with the lap table and the subsequent test lasted about 2
minutes.

Since Crisscross was completed before the JPR test, the passive range of motion of the
target ankle used in Crisscross was used in the JPR test and ZAMPD drove the target ankle to
80% of the maximum dorsiflexion and plantarflexion positions. The static periods were
selected by splitting the impaired ankle ROM into sections, >60% PF (extension), 60-10% PF
(mid-extension), 10%PF - 60%DF (mid-flexion), >60%DF (flexion). One static period

occurred in each section resulting in a total of 4 dynamic periods and 4 static periods.
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STATISTICAL ANALYSIS
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Figure 11 Examples of Crisscross and JPR tests. A) Ankle trajectories and crossing positions
(denoted by circles) during Crisscross test generated by 2AMPD. Positive ankle angle corresponds
to dorsiflexion. B) Ankle speeds during Crisscross test generated by 2AMPD. C) Unimpaired ankle
trajectory during JPR test generated by 2AMPD, showing both dynamic and static periods.

DF = Dorsiflexion Direction; PF = Plantarflexion Direction

Statistical analyses were conducted using Matlab R2023 software. Normality was
tested using the Shapiro Wilks test. Since all data were normally distributed, we used
parametric tests. To compare proprioceptive errors between assessments, a one-way
ANOVA was performed to compare the effect of assessment on proprioceptive acuity. If
significant effects were found, t-tests were used for post hoc analysis. To determine the
relationship between assessments, Pearsons’s correlation coefficient was calculated using
the absolute error for all assessment measurements. An alpha level of 0.05 was used for all
comparisons and correlations.

Proprioceptive acuity using Crisscross was quantified using absolute error. Absolute
error was defined as the absolute angular difference between the left and right ankle at the
moment of button press. Signed error was the angular difference between the left and right

ankle at the moment of button press reflecting the button press occurring before (negative)
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the crossing or after crossing (positive). If a participant did not attempt to press the button
on single or multiple crossing attempts, their average error was calculated using the crossing
attempts where a button press happened. In general, we will use the term “error” to refer to
the absolute error unless otherwise indicated.

Similarly, proprioceptive acuity using JPR was also quantified using absolute error.
Absolute error here was defined as the absolute angular difference between the left and right
ankle at the moment of button press for the static condition, and the absolute angular
difference averaged across the dynamic condition. The coefficient of variation (CV), defined
as the mean error divided by the standard deviation [122], was calculated for all assessments
in each group.

RESULTS

42 unimpaired, young participants (25 male, 17 female; mean £ SD, age = 25 £ 4 yrs), 40
persons in the chronic phase of stroke (19 male, 15 female; age = 65 £ 10 yrs), and 27 older
unimpaired participants, age-matched to the stroke participants (12 male, 15 female; age = 64 +
10 yrs) participated, with characteristics as shown in Table 4 and Table 5. All young and older
participants completed all tests. For the stroke participants, one participant did not press the button
during the Crisscross test (apparently because they could not sense movement of their ankles) and
was excluded from analysis resulting in a total of 39 participants (15 female/24 male). There was

no significant difference in the average age between stroke and older participants (t-test, p =0.10).

65



Table 4 Clinical characteristics of stroke participants (N = 39)
Average £ SD| [Min Max]

Age 60 + 12 [27 76]
Days Post Stroke 1155 + 1096 [201 4085]

[123] NIH Stroke Severity Scale [0 42] 6+3 [2 16]

[124] Lower Extremity Fugl Meyer [0 34] 203 [12 26]
[121]Modified Ashworth Score [0 4] 1.59 +0.48 [02]

[125] 6 min walk distance (meters) 113.3+66.8 | [0.20 298.50]

[120] 10 Meter Walk Test (m/s) 0.37£0.24 [00.76]

[126] Montreal Cognitive Assessment [0 30] 23+6 [129]
Ischemic/Hemorrhagic/Both 20/16/3
Biological Sex M/F 24/15

Table 5 Characteristics of unimpaired participants (N= 42, N= 27)

# of Participants Age [Max Min] Sex Dominance
Young 42 24 £ 419 33] 25M/17F 39R/3L
Older 27 64 + 10 [50 84] 12M/15F 23R/4L

Proprioception Assessment Results

Unimpaired, Young Participants

For Crisscross, unimpaired young participants pushed the button on 415 out of the
420 crosses. 37 of 42 participants pushed on all 10 crosses. One participant missed 2
crossing attempts, and 3 participants missed one crossing attempt. Of the 415 crossings
attempted, participants pressed the button on average 0.9 + 0.50 seconds before crossing

indicating that they on average overly anticipated the moment their ankles would cross.

For JPR, during the dynamic period participants lagged the target on average
42%%10% of the time and led 58%+10% of the time (t-test, p < 0.001). The average speed at
which participants moved the dominant ankle during the dynamic phase was 5.0°/s £0.8°/s,

which was not significantly different from the actual average speed of the of the
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nondominant ankle, 4.9°/s £0.04°/s (p >0.70). Of the 168 static periods, 44% of button
pressed occurred with the matching ankle below the target ankle position. Participants on
average pressed the button 2.44 + 1.3 seconds after the start of the matching period; the
delay to button press was not significantly correlated with JPR static error (r = -0.16, p >

0.30).

The average absolute errors for the Crisscross, JPR static, and JPR dynamic tests were
11.2°+4.2° (CV: 38%), 5.8° + 2.8° (CV: 48%), and 6.2° + 2.3° (CV: 37%), respectively (Figure
2). A one-way ANOVA revealed that there was a statistically significant difference in
proprioceptive acuity between at least two assessments (F(2,123) = 37.4, p < 0.001). Post
hoc tests revealed that proprioceptive error using the Crisscross test was significantly higher
than JPR dynamic error (p <0.0001) and JPR static error (p<0.0001) (Figure 12). There was

no significant difference between JPR static and JPR dynamic error (p = 0.16, Figure 12).

Unimpaired, Older Participants

For Crisscross, unimpaired, older participants pressed the button on 268 out of the
270 crosses. Two participants missed one crossing attempt. Of the 268 crossings attempted,
participants pressed the button on average 0.5 + 0.6 seconds before crossing indicating that
they on averaged overly anticipated the moment their ankles would cross, just like the

younger individuals.

For JPR, during the dynamic period, participants lagged the target on average
45%=7% of the time and led 55%+7% of the time (t-test, p = 0.005). The average speed at
which participants moved the dominant ankle during the dynamic phase was 4.9°/s + 1.2°/s,

which was not significantly different from the actual average speed of the of the
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nondominant ankle, 4.9°/s £0.05°/s (p = 0.99). Of the 108 static periods, 57% of button
presses occurred with the matching ankle below the target ankle position. Participants on
average pressed the button 2.6 + 1.5 seconds after the start of the matching period; the delay

to button press was not significantly correlated with JPR static error (r = 0.15, p = 0.45).

The average absolute error for the Crisscross, JPR static, and JPR dynamic was 9.3° +
3.5° (CV: 38%), 6.8° £ 2.9° (CV: 43%), and 6.7° + 2.4°(CV: 36%), respectively (Figure 2). A
one-way ANOVA revealed that there was a statistically significant difference in
proprioceptive acuity between at least two assessments (F(2,78) = 37.4, p = 0.0027). Post
hoc tests revealed that proprioceptive error using the Crisscross test was significantly higher
than JPR dynamic error (p < 0.001) and JPR static error (p= 0.002) (Figure 12). There was no

significant difference between JPR static and JPR dynamic error (p = 0.868, Figure 12).

Chronic Stroke Participants

Stroke participants pushed the button on 333 out of the 390 crosses. 23 participants
attempted all 10 crosses. 16 participants missed at least 1 crossing, and, of these, 4 pushed
the button on less than 50% of crossings. Of the 57 total crosses with no button press, 28
attempts were missed in the plantarflexion region and the remaining in the dorsiflexion
region. A two way AVONA revealed no significant interaction between speed and crossing
position (F(24,355) = 0.91, p = 0.60), and no main effects of speed (p = 0.06) and crossing
position (p = 0.92). Of the 333 crossings attempted, participants pressed the button on
average 0.3 + 1.3 seconds before crossing indicating that they on average overly anticipated

the moment their ankles would cross, like the unimpaired individuals.
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For JPR, during the dynamic period, participants lagged the target on average
50%=14% of the time and led 50%*15% of the time (t-test, p = 0.56). The average speed at
which participants moved the unimpaired ankle during the dynamic phase was 5.1°/s
+2.0°/s, which was not significantly different from the actual average speed of the of the
impaired ankle, 5.1°/s £0.03°/s (p = 0.84). Of the 156 static periods, 59% of button pressed
occurred with the unimpaired ankle below the intended position. Participants on average
pressed the button 5.6 + 8.1 seconds after the start of the matching period; the delay to

button press was not correlated with JPR static error (r = 0.19, p > 0.2).

The average absolute error for the Crisscross, JPR static, and JPR dynamic was 16.3°
+7.2°(CV:44%), 11.3°+£ 7.1° (CV: 63%), and 11.2° + 5.6° (CV: 50%), respectively (Figure 2).
A one-way ANOVA revealed that there was a statistically significant difference in
proprioceptive acuity between at least two assessments (F(2,114) = 37.4, p = 0.008). Post
hoc tests revealed that proprioceptive error using the Crisscross test was significantly higher
than JPR dynamic error (p < 0.001) and JPR static error (p= 0.003) (Figure 12). There was no

significant difference between JPR static and JPR dynamic error (p = 0.83, Figure 12).

Impaired proprioception, defined as exhibiting a mean error that was greater than 2
SDs of the mean error in older unimpaired controls, was present in the following percentage
of the participants with stroke: 49% for Crisscross, 33% for JPR Static, 41% for JPR Dynamic.
The errors for the younger and older unimpaired participants were not significantly
different for any assessment (p > 0.05, Figure 12), but interestingly the comparison between

young and older participants using Crisscross bordered significance (p = 0.056). The errors
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for the individual’s post-stroke were significantly greater for all assessments (p < 0.0001,

Figure 12).
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Figure 12 Average absolute error on Crisscross, JPR Static (JPR S),
JPR Dynamic (JPR D) for all groups. *Denotes significant difference p <

0.05

Relationships Between Assessments
For young participants, Crisscross error was not significantly correlated with JPR

static absolute error (p = 0.95) or JPR dynamic absolute error (p = 0.67). However, JPR static

and JPR dynamic error were strongly correlated (r = 0.73, p < 0.001). Relationships are

shown in Figure 13A, D, G.

In contrast, for older unimpaired participants, Crisscross error was moderately

correlated with JPR static mean error (r = 0.39, p = 0.04) and JPR dynamic mean error (r =
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0.56, p =0.002). JPR static and dynamic error were strongly correlated (r = 0.85, p < 0.001).

Relationships are shown in Figure 13B, E, H.

Similarly, for chronic stroke participants Crisscross error was moderately correlated
with JPR static error (r = 0.55, p < 0.001) and JPR dynamic mean error (r = 0.54, p < 0.001),
and JPR static and JPR dynamic mean error (r = 0.73, p < 0.001). Relationships are shown in

Figure 13C,F,].
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Figure 13 Relationships between Crisscross error (CC), JPR static error (JPR
S), and JPR dynamic error (JPR D) for all groups. (A,D,G) Unimpaired, young
participants. (B,E,H) Unimpaired, older participants. (C,F,]) chronic stroke
participants.
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DISCUSSION

We investigated if ankle proprioception error measured with a novel robotic
assessment (Crisscross) is correlated with the error measured with a more established
assessment (JPR). That is, we sought to ascertain if errors generalize across these different
assessments, or, conversely do the errors fall within the trend of no apparent generalization
between assessments noted by Horvath et al [56]. Further, we investigated if the degree of
generalization depends on presence of stroke or aging. Consistent with the observation by
Horvath et al., Crisscross and JPR errors did not correlate in unimpaired young individuals.
However, in individuals with nervous system damage due to stroke, or, with nervous system
changes due to aging, they did correlate. This is consistent with our hypothesis of induced
generalization between assessments due to alterations in the proprioceptive neural
machinery needed for both assessments. We also found that in all groups Crisscross
proprioceptive error was significantly higher compared to JPR proprioceptive error; thus,
the passive assessment had greater error than the active assessment. Further, JPR static and
dynamic error were highly correlated and JPR static error was not significantly less than JPR
dynamic error, even though individuals were given extra time to better match the target
ankle, which had stopped moving. As expected, stroke decreased ankle proprioceptive
acuity, but, surprisingly, older age did not (although the effect neared significance). We will

now discuss and interpret these results.

Limited generalization in ankle proprioception assessment in unimpaired, young adults

Using the classification scheme of proprioception tests proposed by Horvath et al,,
Crisscross and JPR both involve the detection of target joint position, movement and
movement extent, trajectory, and velocity. One might expect the errors measured with each
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technique would correlate because similar aspects of proprioception are being tested, but
we found this was not the case for unimpaired, young participants. This result reinforces the
assertion that there is a rather rigorous method-specificity of proprioception assessments
for unimpaired, young adults [56]. We note, however, that JPR staticand dynamic error were
strongly correlated for this population, indicating that there is a limit to method specificity.

[f the assessment methods are similar enough, a correlation in error can be observed.

We proposed previously that proprioception is a dynamic process that exhibits
aspects of learning similar to motor learning [104]. In motor learning, it is well-known that
the motor system builds a library of internal models of the dynamic environments with
which it interacts (such as tools or objects), and, further, there is limited generalization
between these models state in [127]. When experiencing a new proprioceptive test, the
sensory system must transform afferent information from cutaneous receptors, joint
mechanoreceptors, muscle spindles, and Golgi tendon organs into an estimation of limb
position and movement [92]. This conversion is based on an internal model of the sensor
dynamics that is tuned over time by experience, likely using visual input for calibration
[128]. If proprioceptive internal models are task-dependent, one would expect a high degree
of method specificity in proprioceptive assessment, since each new proprioceptive

assessment is essential a new sensory “task”.

Why did the assessments generalize in older adults and after stroke?

It is well known that, as we age, aspects of both the peripheral and central nervous
systems change that are broadly relevant to proprioception. Peripheral changes include

decreased number and function of muscle spindles [129], cutaneous receptors [130], and
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joint receptors [131]. Normal aging also affects the conductive function of central
somatosensory pathways [132], induces neurochemical changes in the brain related to
synaptic transmission [133], and causes progressive loss of dendrites in the motor cortex
[134]. Neuroimaging studies in older adults have related decreased proprioceptive function
to decreased right-sided subcortical activity and structural changes, most notably in the right
putamen [135], [136]. There is substantial variability in each of these age-related changes
across individuals. Since these changes are widespread and structural, one might expect
them to affect proprioception in a general way, inducing the correlation between errors
measured with Crisscross and JPR that we observed. Individuals with more severe age-
related changes would be expected to exhibit larger errors in both tests, while individuals
with less severe age-related changes would be expected to exhibit smaller errors in both

tests.

Similarly, widespread structural damage in somatosensory systems caused by stroke may
account for the correlation in Crisscross and JPR error after stroke. Stroke frequently impairs grey
matter responsible for sensory motor processing [137] as well as white matter tracts that conduct
sensory neural signals [138]. The somatosensory system must use this neural machinery during
any proprioceptive assessment. Further, estimating the relative position of the two ankles requires
interhemispheric connectivity and communication. Several studies have observed an increased
influence of the lesioned hemisphere onto the contra-lesional hemisphere during motor tasks [139].
Since, again, there is high variability in the amount of damage caused by stroke and the resulting
changes in neural activation and interhemispheric balance, one would expect individuals with

greater stroke-related damage to exhibit larger errors in both proprioception tests examined here,
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with individuals with less damage exhibiting smaller errors, thereby inducing the observed

correlation.

Interestingly, one might expect that stroke would induce a stronger correlation between
proprioceptive errors than aging would, since the neural damage caused by stroke is seemingly
more severe than that caused by normal aging. For example, the motor deficits of the stroke
participants in the current study (such as hemiparesis) were clearly greater than those of the age-
matched controls. Stroke did cause a larger proprioceptive error than aging, on average, but the
strength of the correlation of errors for the two assessments was comparable. This may suggest

that the effects of aging on ankle proprioception are highly variable.

Effect of age on ankle proprioception

Although aging induced a correlation between proprioceptive errors measured with
Crisscross and JPR, the mean proprioceptive error in the unimpaired, older participants
(with mean age of 64) was not significantly greater than that of the younger participants
(with mean age of 23). Admittedly, this result was nearly significant (p = 0.059), but,
nevertheless, this surprised us, as we expected a strong effect of age because of the numerous
reports of decrease in proprioception acuity in various limbs with aging [91], [117], [140].
All of our unimpaired, older participants were ambulatory and were active and in good
health. It may be that regular walking helps preserve ankle proprioceptive acuity, at least
into the 60s. In future work we will increase our sample size by testing even older

individuals to better determine the possible effects of aging on ankle proprioception acuity.
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Proprioceptive errors were significantly smaller during the active assessment

When participants were asked to actively match the position of their passively moved
target ankle with their tracking ankle (i.e. during JPR), they were able to sense their ankle
positions more accurately than when both ankles were passively moved (i.e. during
Crisscross). The speeds of ankle movement during the two assessments were slightly
different, with the Crisscross speeds ranging from 4.4 to 8.3 deg/sec per ankle, and the JPR
speed set to a constant 5 deg/sec. Thus, one possibility is that the experience of slightly
greater speeds on some trials during Crisscross caused an increase in mean error.
Contradicting this possibility, however, are preliminary analyses we have performed in
which we found that Crisscross error actually decreases at higher speeds shown in Chapter

3 and [84].

A possible explanation is that during passive movement, when muscles are not active,
fusimotor activity and the sensory feedback from muscle spindles are diminished [141]. In
active movement control, fusimotor drive and muscle spindle feedback are both involved,
although input from muscle spindles is considered to play a more dominant role [142].
Because of the difference between engagement and disengagement of fusimotor activity,
contribution of central control may be different. The contention is that when a body part is
moved by an external force (passive movement) information about ankle position is derived

primarily from feedback provided by receptors sensitive to joint position and movement.

Participants could not further reduce error when the target ankle stopped moving

Surprisingly, for all subjects, JPR dynamic and static error strongly correlated with

each other, and the mean dynamic and static errors were not significantly different from one

76



another. This indicates that participants were unable to further reduce tracking error during
the static period, even though their target ankle had stopped moving and they were given
unlimited time for static periods. This indicates that the brain’s estimate of ankle position is
not improved by information received when the ankle is not moving, which, in turn, seems
to suggest that velocity-related information is primarily used to estimate ankle position.
That is, if the nervous system only sensed ankle velocity, then integrated velocity to estimate
position, it would explain this result. Physiologically, this could correspond to a greater
dependence on primary (type IA) spindle afferents than on secondary (type II afferents),

since the former are velocity sensitive and the latter are position sensitive[129], [143].

Validation of an ankle proprioception assessment for stroke

The present results can also be viewed as a validation of Crisscross as a new technique
for assessing ankle proprioception. In the Introduction, we mentioned that generalization is
related to the concept of “concurrent validity” in assessment theory, which is exhibited when
a test correlates with a previously validated test and justifies the use of the new test.
Crisscross showed concurrent validity with the more commonly used JPR test. Further,
Crisscross was sensitive to the presence of stroke (although not aging, see above discussion).

Thus, this study validated ankle proprioception using Crisscross in two ways.

Why propose another assessment technique when there are already so many?
Crisscross has advantages relative to many existing proprioception assessments such as not
requiring active movement in the tested limbs, being relatively rapid to administer, and
producing a continuous measure of ankle proprioception acuity (as opposed to, for example,

threshold detection techniques). Further, Crisscross requires that the test subject reference
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the position of one ankle to the position of the other, rather than to a visual target, as in some
assessment techniques (reg Gassert); this may make it a more “basic” test of proprioception,

unconfounded by visual calibration processing.
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CHAPTER 5: SHARED NEURAL MACHINERY IN PROPRIOCEPTIVE
PROCESSING: COMPARISON OF ACUITY BETWEEN THE ANKLES AND
FINGERS

SUMMARY OF THE CHAPTER

It is unclear if the ability to utilize proprioceptive information at different joints is a
body-general attribute or a site-specific attribute, that is, whether individuals who perform
better/worse on a proprioceptive task at one joint are also those who perform
better/worse at other joints. To provide clarity we assessed the ankle and finger
proprioception acuity of 26 young (< 35 yrs) and 25 older (>50 yrs) unimpaired
participants using the Crisscross test. For both limbs, acuity was poorer for slower
movements due to greater anticipatory errors. Proprioceptive acuity was better for the
fingers than the ankle (p < 0.01). Ankle proprioception acuity was moderately correlated
with finger proprioception acuity in both young and older participants (r = 0.43 and 0.49,
respectively, for normalized crossing error, p < 0.03). These results indicate that there is a

body-general component to proprioceptive processing.

INTRODUCTION
As discussed earlier in this dissertation, Horvath et al. [56] highlighted what they
term a “current misconception in the field”, i.e. “that results obtained with the use of one
particular method with respect to one particular body part (e.g., joint, muscle) can be
generalized.” Their analysis of previous studies suggests that proprioceptive accuracy
exhibits both site-specificity and method-specificity. On the former point they have

reported a few studies that used a joint position discrimination (AMEDA) test and assessed
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multiple joints on the body (eg, ankle, knee, shoulder, and fingers), but found no correlation
in proprioceptive acuity between different joints in the same participant [144], [145].

In Chapter 4, we found method-generalizability for proprioception acuity in the
ankles, but only for persons with stroke and older individuals - an exception to Horvath’s
observation. Here, we investigated site-specificity using a simple, passive proprioceptive
assessment (Crisscross) to test the possibility that proprioceptive acuity is related between
joints. Previous studies addressing this question were based on AMEDA, an active
proprioceptive assessment that is completed under load bearing conditions, which adds to

the complexity of processing proprioceptive and may have masked effects.

METHODS
Participants

A total of 26 young and 25 old unimpaired participants, ages 18 - 35 years and 50-88
yrs, respectively, were recruited for a single finger testing and a single ankle testing session.
Exclusion criteria included history of neurological injury, musculoskeletal damage, or
current injuries that affected participants ability to move or feel either their fingers and/or
ankles. The dominant side was determined using the Edinburg handedness inventory [146],
and only the dominant hand was used for proprioceptive testing. The local ethics committee
approved this study, and each participant provided consent prior to participating, following

procedures established by the University of California Irvine Institutional Review Board.

Robotic Devices

To assess finger proprioception, we used the FINGER robot (Figure 14) [147]. FINGER

uses two eight-bar mechanisms to independently move each finger through a natural curling

80



trajectory between 0 and 60 degrees of metacarpophalangeal flexion (i.e. from full extension
towards a flexed posture).

To assess ankle proprioception, we used the Ankle Measuring Proprioceptive Device
(AMPD) (Figure 14). AMPD is a novel platform-based ankle device that is composed of an
adjustable mechanical seat and sliding platform, a transmission mechanism, robotic
footplates for both feet, and a control unit. AMPD has two impedance states, mechanically
rigid and mechanically transparent, which allows for multiple ankle assessments to be done

across participants’ entire range of motion.

[ A",

Figure 14. Robots used to implement Crisscross. A) FINGER uses two linkages controlled by
linear actuators to move the index and middle fingers through a natural curling motion. The
thumb was not used in this study. B) AMPD uses two linear actuators attached to footplates
to move the ankles in nlantar flexion and extension.

Experimental Design

Participants participated in a single finger session and a single ankle session,
collected on two separate days spaced 3-10 days apart (mean = 7 days). We randomized the
limb selected for the first session. Within each session, participants experienced multiple
proprioceptive assessments. To remove the potential of learning, each participant received
a pseudo-randomized task order that ensured a uniform distribution of each task type (1, 2,
3, etc.) in each order (first, second, third, etc.). Within each task the crossing positions and
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speeds were pseudo-randomized such that crossing position or speed changed every trial,
to ensure the assessment was unpredictable. Both for finger and ankle assessments, 5 tasks
were completed, however only Tasks 1 and 2 were used for this analysis because limb speeds

were matched (Table 6).

To ensure they understood Crisscross, at the start of each session participants performed
a familiarization task consisting of 6 crossings with vision of the limb. After this, participants
gave a verbal confirmation of task understanding. Each subsequent Crisscross consisted of
20 trials with a trial defined as a single crossing, without vision. Participants performed the

finger assessment with their dominant hand.

Table 6 Parameters experienced for each Crisscross task.

Task # 4 Speeds Ankle speeds Crossing
(deg/sec) per run Workspace
1 [2:2:8] Coupled Full ROM
2 [14:2:20] Coupled Full ROM
STATISTICAL ANALYSIS

We quantified proprioceptive performance using normalized absolute error and
timing error. Normalized absolute error is defined by the absolute error divided by the
maximum error that could be achieved. Timing error is defined as the difference between
button press and actual crossing in time, with negative values signifying button presses
before crossing position has occurred and positive values signifying button presses after
crossing position has occurred. We defined relative crossing speed as the summed absolute

limb speeds (i.e. sum of left and right ankle speed magnitudes). Crossings in which a
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participant did not press the button were excluded from analysis, meaning participants were

not penalized for missing a crossing.

We examined the distributions of proprioceptive performance and found they did not
violate normality (Shapiro-Wilk test, p > 0.05) and therefore used ANOVA and follow-up t-
tests for comparison between finger and ankle acuity. We used Pearson correlations to
establish relationships between finger and ankle proprioceptive acuity. Analyses were
performed using MATLAB (version 2023a, Mathworks) and JMP Pro 17. Significance was

considered at p < 0.05.

RESULTS
We assessed ankle and finger proprioceptive acuity in 26 young, unimpaired
participants (13 male, 13 female; mean * SD, age = 24 + 4 yrs) and 25 older, unimpaired
participants (11 male, 14 female; age = 64 * 10 yrs). All participants completed each task.
One older participant was removed from the analysis due to fatigue during their finger

assessments. Therefore, a total of 24 older participants were included for this analysis.

Joint Specificity

We first looked to see if the fingers and ankles behave similarly in terms of
proprioceptive acuity at different speeds. For the fingers, both age groups exhibited
significantly lower anticipatory errors as speed increased (p < 0.01). Normalized error
significantly decreased with speed in young (p = 0.002) but not older participants (p =
0.093). For the ankle, as reported in Chapter 3, anticipatory and normalized errors
decreased as speed increased (p < 0.0001). Thus, in general, acuity improved at faster speeds

for both the fingers and ankles for both age groups.
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Next, we asked: which part of the body has better proprioceptive acuity? Finger
proprioception acuity was significantly lower in both groups for both normalized and

anticipatory errors (Figure 15, p < 0.01).
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Figure 15 Average performance for task 1 and task 2 for the fingers and ankle.
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Body General Proprioception

Finally, we posed the question, is there a body-general component to proprioceptive
processing or is or is it joint specific? Both finger and ankle proprioception error were
moderately correlated for both normalized (r = 0.46, p = 0.0008) and timing errors (r =

0.48, p = 0.0004) (Figure 164, 3D).
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Figure 16 Relationships between ankle and finger proprioception.

DISCUSSION
Here we sought to determine if finger and ankle proprioception acuities generalize in
young and older adults; that is, whether they are related in each individual. To our
knowledge, we are the first to show that ankle and finger proprioception acuity are

moderately correlated and, therefore, that proprioception is processed to some extent as a

body-general attribute.

We briefly suggest two possible explanations. First, this result is consistent with the
idea that there are shared neural resources for the way proprioceptive information from
widely separate body parts is processed. For example, in any proprioception test, there is a
cognitive/decision making component. Perhaps it is this capability of this cognitive

component that is unique to each individual and thus body-general. Another possibility is
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that there are genetic variations in the density or functioning of afferent receptors in the

periphery, which could also account for the body-general finding.

We also found that proprioceptive error is higher at slower speeds for Crisscross, due
to greater anticipatory errors, and that older adults had lower error - these findings were
discussed in Chapter 3. Another finding was that the fingers have higher proprioceptive acuity
than the ankles, which we anticipated due to the well-known greater density of

somatosensory receptors in the finger skin, tendons, and muscles [148].
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CHAPTER 6: RELIABILITY AND VALIDATION OF RANGE OF MOTION AND
MAXIMUM DORSIFLEXION STRENGTH USING AMPD

SUMMARY OF THE CHAPTER

In rehabilitation research, the lack of sensitive and reliable outcome measures can
hamper the results of clinical trials aimed at determining the efficacy of new treatments, if
changes due to the intervention under study fail to be detected. Robotic devices are being
suggested as a possible means to improve evaluation of motor function in a wide variety of
conditions, but it remains unclear if they are as effective as skilled therapists in quantifying
basic clinical outcomes. Here, we used a platform-based robotic device to evaluate two
fundamental aspects of ankle function - active range of motion (dorsi-plantar flexion AROM)
and strength (dorsiflexion maximum voluntary contraction - MVC) while sitting. We
compared robotic test-retest reliability across two days in a group of 34 persons post-stroke
to that of experienced therapists making the same measurements in the same persons using
a goniometer and manual muscle testing. standard error of measurement (SEM) and minimal
detectable change (MDC) was calculated for each test. We also evaluated robotic test-retest
reliability in 36 young and 26 older unimpaired adults. For AROM, test-retest reliability was
high and comparable for both the robot and therapist (ICC > 0.94). For MVC, test-retest
reliability was lower, but slightly higher for the robot (ICC: 0.89) than therapist (ICC: 0.86),
and the robot provided finer resolution of measurement. Dorsiflexion ROM measured by the
therapist was highly correlated with that measured by the robot (r > 0.65,p < 0.0001), but
significantly less, on average, than that in the robot for both active (p < 0.001) and passive
(p<0.0001) ROM. Test-retest reliability was lower for young (ICC > 0.76) compared to older

populations (ICC > 0.91) for both AROM and MVC using AMPD. As a side analysis, we
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evaluated three different ways to quantify ROM and MVC (first trial, average of three trials,
max of three trials) and found comparable test-retest reliability between average and max
of three, but lower reliability for first trial, particularly for persons post-stroke. Further, we
provide a table of these measurements as a database of reference values for ROM and MVC
for young, older, and persons post-stroke, both male and female. We conclude that, like a
skilled therapist, a robot can be highly reliable for evaluating ankle ROM but captures a larger

ROM possibly due to the supportive, mechanical constraint it provides to the ankle.

INTRODUCTION

Stroke can affect different functions in different individuals, leaving residual
impairments of varying severity that individuals often learn to address with a variety of
compensatory strategies [149]. Impairments in ankle joint motion and strength are
particularly common, which negatively impacts gait and balance function [150], [151], [152].
Assessing ankle function is critical in detecting and diagnosing gait deficits, monitoring

treatment progression, and guiding treatment plans [153], [154].

Two key assessments often completed by physical therapists to assess ankle motor
function are passive and active range of motion (PROM and AROM) and maximum voluntary
contraction (MVC). The methods for measuring ankle ROM can be broadly classified into
three categories: goniometry, weight-bearing, and instrumented techniques [155], but the
most commonly used technique in the clinic is a goniometer. Goniometers are inexpensive
and convenient but require the greatest degree of technical proficiency, due to the necessity
of aligning the axis with the joint fulcrum and positioning the two arms with established

reference points, a process that is even more complicated during PROM measurements when
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the therapist must hold the goniometer while manually moving the joint [153], [156]. For
assessing MVC, there are many methods and tools, but the most commonly used technique
in the clinic is the Manual Muscle Test, as it is quick and easy to perform [157]. However, its
reliability is low because its grading depends on subjective assessment of force, which can
be influenced by the examiner’s muscle strength and temporal variations is force production
[158]. With these challenges of assessing ROM and muscle strength, alternative methods
have been proposed focused on use of various electromechanical technologies (see review

[159]).

Within the last couple of decades there has been an increase in using robotic devices
for neurorehabilitation training in clinical centers [160], [161], [162]. Besides using them for
movement training, translational researchers in neurorehabilitation have proposed the use
of robotic devices to overcome some of the limitations in traditional clinical assessments
[77]. Robotic devices are being suggested as a possible means to improve evaluation of motor
function in a wide variety of conditions as they can provide an accurate (e.g. able to measure
exact body position/force applied) and objective (not relying as strongly on observer
judgement) measurement [77], [160]. Even though robotic devices may fill these gaps, a
challenge for the acceptance of new, robot-based assessments in clinical practice is the lack
of information on their validity and reliability [160], [163]. For example, it currently remains
unclear if robots are as effective as skilled therapists in quantifying basic clinical outcomes

such as ROM and MVC.

Reliability is commonly assessed with the Intra-class Correlation Coefficient (ICC)

and the Standard Error of Measurement (SEM). The ICC targets the relative reliability (the
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degree to which individuals maintain their position in a sample over repeated
measurements), while the SEM measure’s absolute reliability (the degree to which repeated
measurements vary for individuals) [164]. For validity, the general approach is testing for
correlations between the novel, instrumented measures and clinical scores in order to find
which measured parameters are able to reconstruct established clinical tests (concurrent

validity).

A related methodological question is how many measurements are needed to ensure
reliability and how those measures should be processed (e.g. maximum or average). Many
studies report ankle ROM and MVC data from an average of three readings; few have
quantified the reliability /validity of a single or average measures of ROM and MVC [155],

[157]. Therefore, we sought to clarify this issue as well.

Toward these ends, we used the custom-developed, bilateral, platform-based robot
described in Chapter 2 (AMPD) to evaluate two fundamental aspects of ankle function -
dorsi-plantar flexion ROM and MVC while sitting. First, we tested if robotic assessment is as
reliable as assessment by a skilled therapist in quantifying these basic clinical outcomes.
Secondly, we also compared the first trial versus maximum of three trials versus average of
three trials approaches for reliability. Lastly, we sought to establish concurrent validity
between clinical and robotic assessments. We hypothesized that the platform-based robot
would provide both reliable and valid measurements of ankle ROM and dorsiflexion MVC.

METHODS
Participants

Young, unimpaired participants, aged 18-35 years old, and older, unimpaired adults

with ages selected to match the average age of our stroke participants, were recruited for
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two assessment sessions. For young and older adults, the exclusion criteria were: history of
neurological injury, musculoskeletal damage to the ankles, or current injuries that affected
participants ability to move or feel either their ankles, and use of medication that would
change how the brain perceived pain/movement. Leg dominance was determined by asking

which foot participants preferred to kick a ball with.

Participants who were post-stroke were enrolled in an ongoing clinical trial designed
to evaluate the efficacy of a brain computer interface, functional electrical stimulation
system for treating footdrop (Clinicatrials.gov, NCT04279067). The inclusion criteria were
as follows: Age 18-80 years, radiologically confirmed stroke, with day of onset at least 26
weeks prior to day of randomization, Gait velocity < 0.8 m/s, footdrop in affected limb,
plantarflexor spasticity < 3 on modified Ashworth Scale, walk > 10 m (with or without ankle

foot orthosis (AF0), and cane or walker permitted) at a supervised level.

The local ethics committee approved this study, and written informed consent was
obtained from each participant prior to participating, following procedures established by

the University of California Irvine Institutional Review Board.

Ankle Measuring Proprioceptive Device

Two versions of Ankle Measuring Proprioceptive Device (AMPD and 2AMPD, an
improved version of AMPD) were used for this study. Here we briefly describe 2AMPD,
which is similar to AMPD (see Figure 3) with some clinical usability improvements such as
improved seating, impedance mode switching, and control of feet width. Quickly, 2AMPD is

a bilateral ankle robot device that has 2 impedance states, mechanically rigid and
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mechanically transparent, which are chosen by manually locking or unlocking the rack and

roller pinion system. This allows for multiple assessments to be done on the AMPD.

Experimental Protocol

For all participants, ROM and MVC were measured in two sessions, 3 to 10 days apart,
using AMPD. For only the post-stroke participants only, a skilled PT assessed ROM and MVC
in these two sessions as well. Three skilled PTs participated in this study, each with 20+ years
of experience in assessing motor function after stroke. For the post-stroke participants
enrolled in the clinical trial, no treatment occurred between the first and second

assessments.

To measure ROM and MVC with AMPD, all participants sat in an upright position with
their hips and knees bent at 90 degrees such that the shanks was perpendicular to the ground
and the feet were hip width. The feet were strapped to the AMPD footplates after wood
shims were added to the footplates to align the lateral malleolus to the rotational shaft of
AMPD. Once participants were in the correct seated position, the chair position was recorded
and saved so it could be used for the second session of measurements. Standardized

instructions and a demonstration were provided before each ankle test.

For measuring ROM, AMPD was placed in its mechanically transparent state. For
AROM measurements participants were instructed to dorsiflex the ankle to their maximum
position without lifting the heel off the foot pedal, and then transition to their maximum
plantarflexion position without internally rotating the hip. A single trial consisted of each
maximum position held for ~3 seconds. All participants performed three trials on each ankle

and 15 seconds of rest was given between each trial. For stroke participants, three trials
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were performed on the nonparetic ankle first to aid in understanding the task and then the
paretic ankle was measured. For measuring the paretic ankle PROM, the PT moved the
paretic ankle by rotating the foot pedal, dorsiflexing until firm resistance was encountered

without inducing discomfort. That position was saved, and only one trial was completed.

For measuring dorsiflexion MVC, AMPD was placed in its mechanically rigid state with
the ankles locked at an angle of 90° in the parasagittal plane. Participants were asked to
gradually dorsiflex one ankle until they reached maximum effort and hold for three seconds.
Like AROM measurements, participants performed three trials on each ankle. For
participants who were post-stroke, three trials were performed on the nonparetic ankle first

to aid understanding of the task and then the paretic ankle was measured.

For the post-stroke participants, a PT also manually assessed ROM (both PROM and
AROM) and MVC. The post-stroke participants were seated on a gurney in an upright
position with the hip and knee bent at 90 degrees such that the shank was perpendicular to

the ground and the feet suspended in the air.

For measuring the dorsiflexion AROM using the goniometer, the PT positioned the
goniometer so that the rotation axis rested over the center of the lateral malleolus. They
aligned the stationary goniometer arm parallel to the longitudinal axis of the fibula, and the
mobile arm parallel to the longitudinal axis of the fifth metatarsal bone. The therapist
measured the paretic ankle dorsiflexion AROM three times to the nearest degree. A similar
procedure was used to measure PROM, but in this case the therapist manually dorsiflexed

the ankle with their knee to the felt end of the ROM and three trials was performed.
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For the manual muscle test, the PT asked each stroke participant to dorsiflex as
strongly as possible and rated the generated force using the Medical Research Council Scale

(0-5) [165]. Only one trial was performed.

STATISTICAL ANALYSIS

Statistical analyses were conducted using Matlab R2023 and JMP Pro 16 software.
AROM and dorsiflexion strength data was analyzed using 3 different metrics, first trial
completed, maximum of the 3 trials, and the average of 3 trials. The intraclass correlation
coefficient with 95% confidence intervals (CI) was calculated using a two-way mixed effects
with a single rater [166] to assess the test-retest reliability (session 1 compared to session
2 measurements) for each. To evaluate the agreement between goniometer and AMPD
measurements, a two-way random effects with a single rater [20]. Reliability was defined as
values less than 0.5 are indicative of poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.9 indicate good reliability, and values
greater than 0.90 indicate excellent reliability [166]. SEM was calculated using the standard
deviation (SD), where SEM = SD * +/1 —ICC , and minimal detectable change at 95%

confidence level was computed using the formula MDC = SEM * 1.96 * V2 [167].

To assess validity, Pearsons’s correlation coefficient was calculated, and a paired t-
test was used to compare AMPD and goniometer measurements. The correlations and
comparisons done are as followed: the average of 3 trials of dorsiflexion AROM was averaged
across session 1 and session 2 for AMPD and therapist, the first measure of dorsiflexion

PROM for AMPD and therapist, and the first measure of dorsiflexion MVC for AMPD and MMT
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from the first session was used. Paired t-tests were used for comparing validation

measurements.

To compare between timepoints (first, second session), leg dominance (dominant,
nondominant), age (Young, Older), sex (female, male), we used a four-way repeated
measures ANOVA. For chronic stroke participants a three-way repeated measures ANOVA
was used to compare timepoints (first/second session), ankle impairment
(impaired/unimpaired), sex (female, male). If significant effects were found, a Tukey's
Honest Significant Difference (HSD) test were used for post hoc analysis, and Cohens d was
used to determine effect size, with a value of 0.8 considered a large effect, 0.5 to be a medium

and 0.2 to be a small effect [168]. The level of statistical significance was set at p < 0.05.

RESULTS

Participants

36 young, unimpaired participants (23 male, 13 female; mean + SD, age = 25 + 4 yrs),
24 older, unimpaired participants (10 male, 12 female; age = 65 * 10 yrs, p = 0.16, t-test),
and 34 persons in the chronic phase of stroke (19 male, 15 female; age = 65 * 10 yrs)
performed ankle ROM and MVC assessments during two sessions that were on average 7 *
2 days apart, using AMPD. The participants who were post-stroke also were assessed by a
PT for ankle ROM and MVC using a goniometer and manual muscle testing (MMT),
respectively. Demographics of the unimpaired participants are shown in Table 7 and clinical
characteristics of the participants who were post-stroke are shown in Table 8. Figure 17

gives an overview of the AROM and dorsiflexion MVC measurements for all participants.
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Table 7 Characteristics of unimpaired participants (N = 36, N = 26)

# of Participants Age [Max Min] Sex Dominance
Young 36 25+4[19 33] 23M/13F 34R/2L
Older 26 64 + 10 [50 84] 10M/16F 22R/4L

Table 8 Clinical characteristics of stroke participants (N = 36)

Average + SD [Min Max]
Age 60+ 12 [27 78]
Days Post Stroke 1114 + 1027 [201 4085]
[123] NIH Stroke Severity Scale [0 42] 6+3 [2 16]
[124] Lower Extremity Fugl Meyer [0 34] 20+ 4 [12 28]
[121]Modified Ashworth Score [0 4] 1.6 0.5 [0 2]
[125] 6 min walk distance (meters) 107.9 + 66.2 [0.20 298.50]
[120] 10 Meter Walk Test (m/s) 0.36 £0.24 [00.76]
[126] Montreal Cognitive Assessment [0 30] 22+6 [130]
Ischemic/Hemorrhagic/Both 16/16/2
Biological Sex M/F 19/15
Age 12R/22L
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Figure 17 Average AROM and dorsiflexion MVC using AMPD for all groups at session 1 but broken up by
sex and leg dominance. A) AROM dorsiflexion and plantarflexion positions for the dominant and non
dominant ankle. B) Dorsiflexion MVC for the dominant and non-dominant ankle. The dotted and solid black
lines represent the averages for the dominant and non-domant ankle. DF: Dorsiflexion, PF: Plantarflexion,
Non-Dom: Non-dominant, Dom: Dominant

Test-Retest Reliability of Therapist-Based Compared to Robot-Based Measurement of

Ankle AROM and MVC

Of key interest for this study was the test-retest reliability of the ankle ROM and MVC

measurements taken by therapists compared with those taken with the robot (Table 9). To

re-iterate, we obtained therapist test-retest data only for the participants with a stroke, so

this analysis was only possible for individuals post-stroke.

Further,

while therapists

measured AROM at two sessions, they measured PROM at only one session, so only analysis

of AROM was possible. Overall, the therapist and robot measurements of ankle AROM and

dorsiflexion MVC both showed excellent test-retest reliability: ICCs were always 0.86 or

above (Table 9). However, the MDC was typically lower for the therapists because stroke
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participants had greater variability using AMPD (+7.8°) from session 1 to session 2 causing
the SEM and MDC to being higher compared to the change variability for therapist (£0.3°)
for forsiflexion AROM. The SEM and MDC are zero because values did not reach a point of 1,

which also suggest how insensitive the MMT is.

Table 9 Summary of test-retest reliability of AMPD and goniometer measurements. ICC intraclass
correlation coefficient, SEM standard error of measurement, MDC minimal detectable change for
the average of 3 trials, maximum of 3 trials, and first trial

Stroke
1CC [95% CI] | SEM | MDC
AROM Dorsiflexion Position (Impaired Ankle)

Avg R: 0.92[0.84 0.96] R:2.2 R: 6.2
T: 0.95[0.90 0.98] T:1.3 T:3.7

Max R:0.91 [0.83 0.96] R: 2.3 R: 6.4
T:0.95[0.90 0.98] T:1.4 T:3.7

First R:0.92 [0.86 0.96] R: 2.0 R: 5.4
T: 0.94 [0.87 0.97] T:1.8 T: 4.9

Dorsiflexion MVC (Impaired Ankle)

First R: 0.89 [0.77 0.94] R: 1.3 R: 3.5
T: 0.86 [0.72 0.93] T: 0.0 T: 0.0

Validity of Robot-Based Compared to Therapist-Based Measurement of Ankle ROM and

MVC

We next were interested in the concurrent validity of the robot-based measurements.
Thus, we analyzed how well the dorsiflexion AROM, PROM, and MVC measurements taken
with AMPD correlated with the same measurements taken by the therapist. Again, we
performed this analysis only for the post-stroke participants. All correlations between

AMPD and therapist were significant and moderate to strong (Figure 18, r> 0.48, p < 0.002).

This supports concurrent validity of the three measures.

However, as can been seen in Figure 18A and 16B, the dorsiflexion ROM measured

with the robot was larger than that with the goniometer. These post-stroke participants
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were able to achieve on average 18.2 + 9.9 degrees more dorsiflexion when measuring AROM
and 3.9 + 6.0 degrees more when measuring participants dorsiflexion PROM, which were
both significantly different, with a large effect size for dorsiflexion AROM (p < 0.0001,d = 1)

and a medium effect for PROM (p < 0.0001, d = 0.63).

As for maximum dorsiflexion strength, although the robotic and therapist measures
of MVC were significantly correlated, there was poor segregation of the MMT scores relative
to the robotic scores. Individuals scoring 0 on the MMT fell with the range of AMPD MVC
values of individuals scoring 1, and the same was true for the individual who scored a 2 on
the MMT. That is, using this data, we could not define a range of AMPD MVC scores that
clearly defined a 0, 1, or 2 MMT rating. The most that can be said is that the average ankle
torque produced using AMPD increased for subjects that were scoreda 0, 1, or 2 (3.4 + 3.7
Nm, 9.2 + 5.2 Nm, and 19.3 Nm, respectively) (Figure 18C). Subjects that were scored a 0 on
the MMT had significantly lower ankle dorsiflexion MVC compared to subjects that were

scored a 1 (p = 0.01). These results highlight the rather coarse nature of MMT.

Reliability of Robotic Measures for Unimpaired Participants and Comparison of Three Analysis

Techniques

We also used the robot to obtain test-retest reliability of ROM and MVC for young and
older, unimpaired participants. Test-retest reliability was also high for these participants:
ICCs were always 0.89 or above (Table 10). There was no observable, systematic difference

in reliability for young unimpaired, older unimpaired, and post-stroke participants.

Table 10 also presents the results of using either the average of 3, max, or first

calculation methods. ICCs were nearly always high, except for the first calculation method
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for AROM plantarflexion position for individuals with stroke. Table 10 also provides the SEM

and MDC for each measurement technique.
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Figure 18 Relationship between clinical measurements (x-axis) and AMPD measures (y-axis) of
chronic stroke participants impaired ankle. We used the average of 3 calculation for dorsiflexion
AROM, the first measure for dorsiflexion PROM (since only one measure was taken by the
therapists), and the first measure for dorsiflexion MVC (since again only one measure was taken by
the therapists). Data is always from the first evaluation session.

Table 10 Summary of test-retest reliability of AMPD. ICC intraclass correlation coefficient, SEM
standard error of measurement, MDC minimal detectable change, for the average of 3 trials,
maximum of 3 trials, and first trial

Young Older Stroke |
Method ICC[95%CI] | SEM | MDC | ICC[95%CI] | SEM | MDC ICC[95%CI] | SEM [ MDC |
AROM Dorsiflexion Position
Avg 0.91[0.85 0.95] 0.9 2.6 | 0.96[0.900.98] 0.5 1.4 0.96 [0.94 0.98] 1.2 3.5
Max 0.90[0.82 0.94] 1.1 3.2 | 0.95[0.900.97] 0.6 1.6 0.96 [0.93 0.97] 1.3 3.5
First 0.89 [0.82 0.94] 1.2 3.4 0.95[0.89 0.97] 0.6 1.5 0.96 [0.94 0.98] 1.2 3.3
AROM Plantarflexion Position
Avg 0.94 [0.90 0.96] 0.6 1.8 | 0.93[0.87 0.96] 0.9 2.5 0.96 [0.94 0.98] 1.0 2.7
Max 0.93 [0.89 0.96] 0.8 2.3 0.93[0.88 0.96] 0.9 2.4 0.95[0.93 0.97] 1.2 3.3
First 0.92[0.87 0.95] 1.0 2.7 | 0.92[0.860.95] 1.0 2.8 0.73[0.56 0.83] 6.7 18.6
Dorsiflexion MVC [Nm]
Avg 0.96 [0.94 0.98] 0.5 1.4 | 0.95[0.910.97] 0.8 2.3 0.97 [0.95 0.98] 0.6 1.8
Max 0.96 [0.93 0.97] 0.6 1.6 | 0.95[0.910.97] 0.9 2.5 0.97 [0.95 0.98] 0.6 1.8
First 0.91[0.89 0.95] 1.2 3.3 0.93[0.87 0.96] 1.1 3.2 0.94 [0.90 0.96] 1.2 3.4
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Comparison of First to Second Session

An interesting question is whether individuals improved in their values from one
session to the next. First starting with AROM measurements, the average dorsiflexion and
plantarflexion change in AROM position using AMPD from session 1 session 2 for young and
older unimpaired participants was 1.3°+3.2° and 1.2°+2.4, which for dorsiflexion showed
statistically significant difference for both groups (p < 0.001) but had a small effect (d < 0.20)
(Table 11), suggesting that there is systemic bias, but it is negligible. The average change
from session 1 to session 2 for plantarflexion was 0.1°+3.1° for young and 0.7°+3.3° for older
participants, which were not significantly different for both groups (p > 0.3) (Table 11),
suggesting there was not systemic biases for measuring plantarflexion AROM. For stroke
participants the average change in dorsiflexion and plantarflexion AROM for the impaired
and unimpaired 0.6°+ 7.8° and 0.3°+ 2.7°, respectively higher dorsiflexion positions using
the paretic ankle but produced 0.3°+ 2.7° lower dorsiflexion positions using the nonparetic
ankle, which were non-significant (p > 0.5) (Table 11), suggesting there was not systemic
biases for measuring AROM in stroke. These results further strengthen that AMPD is a

reliable device for measuring AROM.

For dorsiflexion MVC measurements young and older participants slightly increased
their dorsiflexion torque from session 1 to session 2 by an average of 0.05 + 2.6 Nm and
0.3+3.6 Nm, respectively. For stroke participants from session 1 to session 2, the average
change increased for the unimpaired ankle by 1.0 + 3.7 Nm but decreased for the impaired
ankle by 0.1 + 3.3 Nm (Table 11). For all groups there not a significant difference session 1
and session 2 measurements (p > 0.4). Just like AROM measurements, these results further

strengthen that AMPD is a reliable device for measuring dorsiflexion MVC.
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Comparison of Stroke to Unimpaired Age Matched Adults

Another interesting question is whether stroke impaired any of the measurements.
Within stroke participants impaired ankle had significantly less AROM and dorsiflexion
strength compared to the unimpaired ankle (p < 0.0001). Interestingly, comparing stroke
participant unimpaired ankle to unimpaired controls AROM showed that stroke participants
unimpaired AROM was comparable to unimpaired age matched controls (p > 0.4), however
when looking at dorsiflexion strength, stroke participants produced significantly less
dorsiflexion torque compared to controls (p< 0.001) (Table 11). This suggests that there are

motor deficits on the impaired ankle but also the unimpaired side is affected as well.

Comparison of Older to Younger Unimpaired Adults

A final interesting question is whether aging impaired any of the measurements. For
AROM measurements young participants showed that their dominant side achieved
significantly larger dorsiflexion plantarflexion position compared to their nondominant side
(p < 0.04), but no significant difference in leg dominance within older participants (p = 0.52).
Also, no significant differences were found between young and older participants
dorsiflexion positions (p > 0.1), which might suggest that age related declines are not present

for AROM within this sample size.

For dorsiflexion MVC measurements, young and older participants produced
significantly larger dorsiflexion toque with their non-dominant ankle compared to the
dominant ankle (p < 0.001). Interestingly, there were no significant differences between
young and old MVC measurements (p > 0.5), which might suggest that age related declines

are not present for dorsiflexion within this sample size.
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Table 11 Session 1 and Session 2 average dorsiflexion and plantarflexion AROM position and

dorsiflexion MVC for each ankle per group.

Young 0old Stroke
Dom. Non-Dom. Dom. | Non-Dom. Impaired Unimpaired
AROM Dorsiflexion Position [°]
Test 1 A: 25.04°+5.8 A: 23.8°+6.0° A:23.2°46.0° A: 23.0°6.1 A: 2.7°+7.8° A:25.8°+8.2
F:24.8°+6.4° | F:23.7°+£5.2° | F:22.8°+5.6° | F:21.6°+6.3° F:5.6°+ 14.2° F:27.6°+ 8.6°
M: 25.2°#5.6° | M:23.8°+6.5° | M:24.0°+6.7° | M:25.2°#54° | M:0.4°+14.7° M: 24.4°+ 7.9°
Test 2 A: 26.4°+5.9° A: 25.0°+6.4° A:24.7°£7.0° | A:24.0°%6.7° A:3.3°+13.6° A:25.5°+7.5°
F: 25.8°+£6.4° F:25.1°+7.1° | F:24.9°£7.8° | F:23.1°%7.0° F:5.6°+ 14.6° F:25.7°+ 8.4°
M: 26.7°£5.7° | M:24.9°+6.2° | M:24.3°+5.8° | M:25.4°#6.3° | M:1.5°+12.9° M: 25.4°+ 6.9°
Change in A:1.3°%2.7° A:1.2°+£3.7° A:1.3°£2.8° A:1.0°+2.1° A: 0.6°+ 7.8° A:-0.3°£2.7°
mean F:1.0°+3.5° F:1.3°+4.7° F:2.1°£2.9° F:2.1°+2.9° F: 0.0°+ 7.6° F:-1.9°+4.2°
M: 1.5°+2.2° M:1.1°+3.1° M: 0.4°+1.6° M: 0.2°42.5° M: 1.1°+8.1° M: 1.0°+ 4.1°
AROM Plantarflexion Position [°]
Test 1 A:-49.8°#6.3° | A:-48.5°+5.5° | A:-50.5°+6.3° | A:-48.7°£7.6° | A:-27.9°+10.5° A: -47.2°£8.0°
F:-50.2°+5.9° | F:-49.5°+5.3° F:-51.9°+5.5° | F:-51.1°£6.9° | F:-28.7°£13.2° | F:-50.3°£9.4°
M: -49.6°+6.6° | M:-48.0°£5.7° | M -48.2°+7.1° | M:-45.0°+7.4° | M:-27.2°+8.0° | M:-44.8°+5.8°
Test 2 A:-49.75°+£7.0° | A:-48.3°#6.2° | A:-49.2°+5.3° | A:-48.6°+6.1° | A:-28.1°+12.0° A: -46.8°£8.4°
F:-49.8°+7.6° | F:-49.9°+6.1° | F:-50.3°+5.3° | F:50.1°#6.1° | F:-27.0°+15.6° | F:-49.4°+10.3°
M: -49.7°+ 6.8° | M:-47.4°+ 6.2° | M:-47.3°#5.0° | M:-46.2°#5.5° | M:-28.9°+8.5° | M:-44.7°+ 6.0°
Change in A:0.1°+£2.8° A:0.2°+3.4° A:1.3°£3.3° A:0.1°%3.2° A:-0.2°+6.4° A:0.4°%£3.5°
mean F:0.4°+2.9° F:-0.4°+ 3.0° F:1.6°+ 3.6° F:1.0°+3.1° F:1.7°+ 6.8° F:0.8°+3.3°
M: -0.1°+ 2.8° M: 0.5°+3.6° M:0.9°£2.9° | M:-1.2°+3.0° | M:-1.7°+5.7° M: 0.0°+ 3.7°
Dorsiflexion Maximum Strength [Nm]
Test 1 A:29.7+6.7 A:31.1+£7.3 A:24.5+7.8 A:26.5+£9.0 A:8.5+5.7 A:23.7+£7.6
F:24.4 £+4.3 F:25.5+4.7 F:20.2+3.2 F:20.9 £3.3 F:8.2+5.1 F:18.8+5.9
M: 32.8+5.9 M: 34.3+6.5 M: 31.4+8.2 M: 35.3+7.9 M: 8.7£6.3 M: 27.5+6.5
Test 2 A:29.8+6.7 A:31.1+6.6 A:24.626.9 A:26.8+9.0 A:8.4+5.4 A:22.7+7.4
F:25.1+£5.2 F:25.6 +4.9 F:21.543.6 F:22.2+4.1 F:8.2+5.9 F:18.3+54
M: 32.5+6.0 M: 34.3+5.4 M: 30.047.7 M: 34.3+£9.7 M: 8.5+5.3 M: 26.2+7.1
Change in A: 0.1+25 A:0.0+2.8 A:0.3+3.3 A:0.4+3.9 A:-01+33 A:1.0+£37
mean F:0.8+2.0 F:0.2+1.9 F:1.3+2.6 F:1.2+2.6 F:0.0£3.1 F:-0.5+2.9
M:-0.3+2.7 M:-0.1+3.3 M:-1.4+3.9 M: -1.0+5.3 M:-0.2+3.4 M: -1.3+4.3
DISCUSSION

A first objective of this study was to determine if robotic assessments are as reliable

as assessment by a skilled therapist in quantifying these basic clinical outcomes. Second, we

sought to establish concurrent validity between clinical and robotic assessments. Third, we

compared the first trial versus maximum of three trials versus average of three trials

approaches for reliability. Fourth, we further analyzed validity of the robot measurements

by determining if they could detect the effect of stroke or aging on ROM and MVC. Lastly, we

provide a database of reference values for ROM and MVC for young, older, and persons post-
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stroke, both male and female, and as expected, stroke significantly decreased ROM and MV(;

aging had a smaller but significant effect.

Our hypothesis was correct that AMPD can provide reliable and valid measurements

of ankle motor function. We will now discuss our results.

Reliability And Validity

Both AMPD had excellent test-retest reliability across all groups for AROM (ICC >
0.90), and therapist-based measurement using the goniometer also showed excellent test-
retest reliability (ICC = 0.94-0.95) and is consistent with those obtained by other authors in
unimpaired participants [155], [156], [169]. These results suggest that both tools can be
used to measure ankle AROM without failure during a given time period. However, the
agreement between goniometer and AMPD measurements were poor (ICC = 0.38) for AROM,
which suggests that AMPD is reliable within itself, and therapist-based measurements are
reliable within itself. One reason for poor agreement may be due to stroke participants
achieving a significantly greater dorsiflexion position using AMPD. For maximum
dorsiflexion strength, AMPD had excellent test-retest reliability across all groups for (ICC >
0.91), and therapist-based measurement using MMT showed excellent but lower test-retest
reliability (ICC = 0.86). These findings are consistent with those obtained by other authors

for older [170], [171] and young [157] unimpaired adults.

Most studies report ankle ROM and MVC results from an average of 3 readings [156],
[157], [172], and a few have quantified the potential benefit of single versus average
measures of ROM [155], but to our knowledge none have demonstrated the potential benefit

of the first trial versus maximum of three trials versus the average of 3 measures for test-
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retest reliability. The average of 3 trials provided slightly better test-retest reliability metrics
compared to the first trial or the maximum of the three trials for AROM and dorsiflexion MVC
assessments, but the maximum of 3 trials was very close. This shows that using an average
or maximum of 3 trials gives very similar results and can be used interchangeably. This was
also shown to be true for goniometer measurements. The test-retest reliability estimates
obtained using the average of trials showed the best test-retest reliability metrics compared

to a single measurement is consistent with those obtained by [155].

For validity, moderate to strong relationships exist between goniometer and AMPD
measurements, suggesting that AMPD is able to measure similar aspects of ankle dorsiflexion
positions using a goniometer. This device may be a valuable tool for routine ROM of motion
monitoring in clinical settings. A significantly moderate relationship between ankle
dorsiflexion torque and MMT exists, but this may be driven by the fact that all participants
were rated below a 2, with one participant being rated a 2. Manual muscle testing is
inherently subjective and cannot reliably distinguish subtle differences in strength [173],

[174].

AMPD Elicits greater dorsiflexion ROM

Stroke participants produced significantly higher dorsiflexion AROM and PROM
positions on AMPD compared to goniometer measurements. There are many possible
explanations on why subjects produced greater AROM dorsiflexion positions using AMPD, 1)
subtalar and foot position, specifically pronation, may allow the ankle to achieve greater
angles of dorsiflexion ROM [175], 2) AMPD provides support of the bottom which can give

increased cutaneous afferents during movement, which can drive force output and control
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[176], 3) Due to cortical damage, stroke survivors can lose the ability to move their joints
independently, which result in abnormal coupled pathophysiological movement patterns,
also called synergies [77]. The loss of independent control of joint moments is caused by
involuntary co-activation of muscles over multiple joints [177]. Brunnstrom [178] defined
two often occurring pathophysiological synergies in the lower extremities, extension
synergy, consisting of internal rotation, adduction and extension of the hip, extension of the
knee, and plantar flexion and inversion of the ankle, and flexion synergy consisting of
external rotation, abduction, and flexion of the hip, flexion of the knee and dorsal flexion and
eversion of the ankle. Because dorsiflexion is considered a flexion synergy, stroke
participants may have been activating multiple muscles that may have caused their foot to

lift perpendicular to the ground causing a greater dorsiflexion measurement using AMPD.

Limitation

This study has multiple limitations. First, we did not assess unimpaired
subjects AROM using a goniometer. This would have given us greater clarity on the validity
between AMPD and goniometer measurements. Second, we did not assess any participants
that scored greater than a 3 on the MMT, because of the exclusion criteria of the RCT. This
would have helped determine if the relationship would have continued to trend linearly with
muscle torque measured with AMPD. Lastly, we did not perform inter-rater reliability
testing. It has been shown that technical proficiency influences the reliability of ankle ROM
measurements [156], [179], and doing this would determine if AMPD is resistant to PTs

technical level.
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CHAPTER 7: ESTABLISHING RELATIONSHIPS BETWEEN ANKLE
PROPRIOCEPTION, GAIT IMPAIRMENT, AND ANKLE MOTOR
IMPAIRMENT AFTER STROKE: A ROBOTIC ASSESSMENT STUDY

SUMMARY OF THE CHAPTER

Ankle proprioceptive deficits are common after stroke and have been found to occur
independently of ankle motor impairments. Despite this independence, some studies have
found that ankle proprioceptive deficits predict gait function, consistent with the concept
that somatosensory input plays a key role in gait control. Other studies, however, have not
found a relationship, possibly because of variability in proprioception assessments. Robotic
assessments of proprioception offer improved consistency and sensitivity. Here, we
quantified ankle proprioception using two different robotic tests (joint position
reproduction - JPR, and crisscross - CC) in 39 persons in the chronic phase of stroke. We
then analyzed the extent to which these robotic proprioception measures predicted gait
speed, measured over a long distance (6-minute walk test - 6MWT) and a short distance (10-
meter walk test - 10mWT). We also studied the relationship between robotic proprioception
measures and lower extremity motor impairment, quantified with measures of ankle
strength, active range of motion, and the lower extremity Fugl-Meyer exam. Impairment in
ankle proprioception was present in 87% of the participants. Ankle proprioceptive acuity
measured with JPR was weakly correlated with gait speed measured with the 6MWT (p = -
0.34, p =0.039) but not the with the 10mWT. Ankle proprioceptive acuity was not correlated
with lower extremity motor impairment (p > 0.2). These results confirm the presence of a
weak relationship between ankle proprioception and gait after stroke that is independent of

motor impairment.
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INTRODUCTION

There is a large body of evidence linking lower extremity (LE) motor impairment to
gait function in patients with stroke [1], [180], [181]. For example, strength of the impaired
ankle has often been found to be a strong predictor of gait velocity [1], [181]. However, when
it comes to LE sensory deficits predicting gait function, results are less clear.

Proprioceptive impairment after stroke is thought to affect the control of muscle tone,
disrupt postural reflexes, and impair spatial and temporal aspects of volitional movement
[99]. For the upper extremity, proprioceptive impairment also predicts the ability of persons
who have experienced a stroke to benefit from rehabilitative movement training, such as
constraint-induced therapy [11] or robotic hand movement training [8], [18], [100]. This
suggests that proprioceptive feedback plays an important role in mediating use-dependent
plasticity. For the LE, proprioceptive signals related to leg kinematics and loading are
thought to play a key role in locomotor control and plasticity [69], [70], [71], [72].

Unlike for ankle strength, however, studies have typically found no association [96],
[182], [183], [184] or only weak associations between LE sensation and gait function,
quantified as gait velocity [184], [185], balance ability [96], [101], [185], falls [96], [185], and
endurance [186] (Table 12). One reason may be the wide variety in methods used to quantify
proprioceptive acuity [96], [182], [183], [184]. Several studies that found no relationship
have used available clinical assessments, such as the modified Nottingham Sensory
Assessment [96] and the sensory scale of the Fugl Meyer Assessment [182], [184], which
provide basic information on an individual’s ability to perceive movement and/or its
direction on an ordinal scale as “absent”, “impaired”, or “normal” [187]. These clinical

assessments of sensory impairment have limited accuracy and responsiveness [185], [187].
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Other assessments for LE proprioception have been developed using robotics [56], [58] to
address these limitations. Robotic assessments for both sensory and motor impairments are
more objective (not relying as strongly on observer judgement) and accurate (e.g. able to
measure exact body position/force applied), because they can deliver precise, reproducible

stimuli and then measure the response to those stimuli [188].

Table 12 Summary of studies of the relationship between LE sensation and gait function after
stroke.

Study (# of Participants)

Measure of Lower

Measure of Gait

Correlation Result

Extremity Sensation Function
Nadeau et al. 1999 (16) LEFM IMWT r=0.14
Hsuetal. 2003 (26) LEFM 6mWT r=0.4*
Lee etal. 2005 (11) TDPM (robot) 6MWT r=0.63to00.77*
Lin 2005 (21) JPR (robot) 6mWT r=-0.021
Gorstetal. 2018 (32) Gradient Dscr and 10mWT r =-0.40 to -0.60*

Step Height Dscr Balance - COP r =-0.43 to -0.44*
(robot)
Gorstetal. 2019 (163) EmNSA Falls Efficacy Scale r=-0.22*%
Balance - Centre of force r=-0.20*
10mWT r=0.09
Cho etal. 2021 (57) JPR (robot) Berg Balance Scale r =-0.40*

Abbreviations: LEFM = Lower Extremity Fugl Meyer; TDPM = Threshold to Detection of Passive
Motion; JPR = Joint Position Reproduction; Dscr = Discrimination; EmNSA = Erasmus MC modified
version of the Nottingham Sensory Assessment; COP = Center of Pressure; r = Spearman’s rank
correlation; r = Pearson’s correlation; * denotes significant relationship (p < 0.05)

Here, we sought to clarify the relationship between ankle proprioception and gait
function after stroke using robotic assessments of ankle proprioception. We used a custom-
built robotic device to implement a commonly used type of proprioception test, a Joint

Position Reproduction (JPR), as well as more novel proprioception assessment, Crisscross,

which we recently developed to measure proprioception acuity of the fingers [117]. JPR asks

109



individuals to copy the motion imposed on one ankle by the robotic device by actively
moving their other ankle in a matching motion. Crisscross reduces the motor demand on
individuals by asking them to simply push a button when they feel their ankles cross each
other, as the ankles are driven through their plantar/dorsi flexion range of motion using a
robotic device. Crisscross combines components of movement discrimination, movement
speed and direction sense, comparison between relative limb positioning in space, and
discrete position matching (where by “discrete” we mean the test subject makes one
proprioceptive judgment per each movement trial). Studies that employed Crisscross with a
robotic exoskeleton to measure finger proprioception have found that the test is sensitive to
aging [117] and presence of a prior stroke [18], and that it predicted stroke subjects’ ability
to benefit from a three-week period of robotic finger training [8], [100]. For our measure of
gait function, we focused on standardized measures of gait speed over long and short

distances.

METHODS

Participants and Clinical Assessments

Chronic stroke participants were enrolled in an ongoing clinical trial designed to
evaluate the efficacy of a brain-computer-interface, functional electrical stimulation system
for treating foot drop. The inclusion criteria were as follows: Age 18-80 years, radiologically
confirmed stroke, with day of onset at least 26 weeks prior to day of randomization, Gait
velocity < 0.8 m/s, foot-drop in affected limb, plantarflexor spasticity < 3 on modified
Ashworth Scale, walk > 10 m (with or without ankle foot orthosis (AFO), and cane or walker

permitted) at a supervised level. Only baseline measurements were used for analysis.
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A trained physical therapist assessed each participant. The following measures were
taken: National Institutes of Health Stroke Scale (NIHSS) [123],[189], [190], Lower Extremity
Fugl Meyer (LEFM) [124], [191], [192], [193], [194], 6 minute walk test (6MWT) [125], [195],
[196], 10 Meter Walk Test (10mWT) [120], [197], [198], Nottingham Assessment of Somato-
Sensations (NSA) [199], [200], Montreal Cognitive Assessment (MoCA) [126], [201] and
Modified Ashworth Scale of Spasticity (MAS) [121], [202], [203]. MAS ankle plantarflexion
scores that were marked with a “+,” an additional 0.5 points was added for calculations.

For comparison, we recruited age-matched controls who had not experienced a
stroke. Exclusion criteria were: history of neurological injury, musculoskeletal damage, or
current injuries that affected participants ability to move or feel either their ankles, use of
medication that would change how the brain perceived pain/movement. For both stroke and
age matched participants the local ethics committee approved this study, and written

informed consent was obtained from each participant prior to participating, following

procedures established by the University of California Irvine Institutional Review Board.

Robotic Device

Two versions of Ankle Measuring Proprioceptive Device (AMPD and 2AMPD, an
improved version of AMPD) were used for this study. Chapter 2 describes these devices in
detail, but here we briefly describe ZAMPD, which is similar to AMPD (Figure 3) with some
clinical usability improvements such as improved seating, robot mode switching, and
adjustment of feet width. To use ZAMPD, participants sit in an upright position with the hip
and knee bent at 90 degrees such that the shank is perpendicular to the ground, the center
of the lateral malleolus is aligned to the rotational shaft of 2AMPD, and the feet are adjusted

to be hip width. 2AMPD has two impedance states, mechanically rigid and mechanically
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transparent. In its rigid state, ZAMPD can individually assist and move both ankles, via
motors (TiMOTION, TA16), through participants’ natural dorsiflexion and plantar flexion
passive range of motion. In its mechanically transparent state, 2AMPD allows participants to
move their ankles on their own volition with minimal resistance. 2AMPD is equipped with
angular quadrature encoders to measure ankle angular position (E6B2-C, 1024 P/R) and s-
type load cells (Interface, SMA-200) to measure ankle force and then converted to ankle

torque. Data is acquired at 200 Hz and stored on a laptop.

Lower Extremity Motor Impairment and Gait Function Measurements

Standardized instructions and a demonstration were provided before each ankle
impairment test, active range of motion and maximum dorsiflexion strength. For active
range of motion (AROM) tests, 2AMPD was placed in its mechanically transparent state and
participants were instructed to dorsiflex the ankle to their maximum position and then
transition to their maximum plantarflexion position. A single trial consisted of each
maximum position held for 3 seconds. Three trials were first performed on the unimpaired
ankle for understanding and then the impaired ankle completed the three trials. 15 seconds
of rest was given between each trial.

For maximum dorsiflexion strength, 2AMPD was placed in its mechanically rigid state
with the ankle in neutral, i.e., an angle of 90° in sagittal plane between foot and shank [204].
Participants were asked to gradually dorsiflex until maximum effort was given and held for
3 seconds. The participant performed three trials with the unimpaired ankle first, and then
three with the impaired ankle. 15 seconds of rest was given between each trial.

Standardized instructions and a demonstration were provided before each walk test.

Each walk test was performed without participants wearing an ankle-foot orthosis. For the
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10mWT, the time in seconds to walk the middle 6-meter section of a 10-meter walkway was
used to compute comfortable walking speed. Timing started when the participant’s first foot
crossed the 2-m mark and stopped when the first foot crossed the 8-meter mark, though the
participant continued to walk to the 10-meter mark [120]. Participants performed 5
repetitions, and no encouragement was given during the test.

For the 6MWT the test was performed in a corridor, and the participant was
instructed to, at a comfortable pace, cover as much as ground they could during the six-
minute testing period [196]. The total distance in meters was measured. Participants
completed this test once, and no encouragement was given during the test.

Crisscross Test

For the Crisscross test, 2AMPD drove the left and right ankles in opposing directions
during a series of non-periodic ankle-crossings of different angular velocities (Figure 9A).
For each ankle-crossing movement, participants were instructed to press a handheld button
when they perceived their feet to be at the same angular position.

Chapter 3 describes how the ROM was set, but here we briefly describe the process.
For all participants, before beginning the test, a trained experimenter assessed each
participants’ passive range of motion by manually moving the unimpaired and impaired
ankle with 2AMPD in its mechanically transparent mode to a comfortable maximum
dorsiflexion and plantarflexion position. The assessment workspace was then calculated by
taking the smaller extent of dorsiflexion between the two ankles, and the smaller extent of
plantar flexion as well. The assessment workspace was then split into 5 sections, such that a
single crossing occurred in each workspace section, >60% PF (extension), 60-20% PF (mid-

extension), 20%PF - 20%DF (center), 20%-60%DF (mid-flexion) and >60% DF (flexion).
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This ensured an approximately uniform distribution of crossings in the assessment
workspace.

To ensure each participant understood the test, they first completed four crossing
movements with vision of their feet, giving verbal confirmation that they understood the test.
Then, with vision occluded by a large lap table, each participant experienced two crossing
attempts in each crossing workspace section in a randomized order, for a total of 10
crossover movements. Participants experienced four ankle speeds: 4.4, 5.7, 7.0, and 8.3
degrees/second (Figure 11B), which is in the recommended range stated in Chapter 3.
Individual ankle speeds were randomized such that the impaired and unimpaired ankle
mostly did not move at equal speeds.

Joint Position Reproduction (JPR) Test

Many variations in protocols for JPR have been proposed, some requiring active
reproduction of a passively imposed movement. Here we implemented a passive-active
contralateral JPR test, where impaired foot for participants post-stoke was passively driven
by 2AMPD (the “target ankle”), and the unimpaired ankle (the “matching ankle”) was actively
moved by the participant to try to match the movement of the target ankle.

We designed the ankle joint trajectories to have two parts, which we term the
dynamic and static periods (Figure 11C). The dynamic periods consisted of 2ZAMPD driving
the target ankle at a constant velocity of 5°/s through its available dorsiflexion and
plantarflexion range (Figure 11C). Participants were instructed to match angular position and
speed using their matching ankle during these dynamic periods. Dynamic periods were
randomly interrupted by static periods where the robot stopped moving the ankle at a

pseudo-random set of positions distributed across the workspace. Participants were
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instructed to match the angular position of the stationary target ankle by making fine
adjustments with their matching ankle. For each static period, unlimited time was given, and
participants were instructed to press a handheld button when they perceived their feet to be
at the same angular position. The robot returned to a dynamic period after they pushed the
button. Just like Crisscross, all participants first performed a short practice test with vision
of their feet allowed and gave verbal confirmation that they understood the test. Then, their
vision of their feet was occluded with the lap table and the subsequent test lasted about 2
minutes.

Since Crisscross was completed before the JPR test, the passive range of motion of the
target ankle used in Crisscross was used in the JPR test and ZAMPD drove the target ankle to
80% of the maximum dorsiflexion and plantarflexion positions. The static periods were
selected by splitting the impaired ankle ROM into sections, >60% PF (extension), 60-10% PF
(mid-extension), 10%PF - 60%DF (mid-flexion), >60%DF (flexion). One static period

occurred in each section resulting in a total of 4 dynamic periods and 4 static periods.

STATISTICAL ANALYSIS

Ankle Proprioceptive Acuity

Proprioceptive acuity using Crisscross was quantified using absolute error, defined
as the absolute angular difference between the left and right ankle at the moment of button
press. If a participant did not attempt to press the button on single or multiple crossing
attempts, their average error was calculated using only the crossings where a button press
happened. Similarly, proprioceptive acuity using JPR was also quantified using absolute

error. Absolute error here was defined as the absolute angular difference between the left
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and right ankle at the moment of button press for the static condition, and the absolute

angular difference averaged across the dynamic condition.

Ankle Motor Impairment

For AROM and maximum dorsiflexion strength tests, only the impaired ankle was
considered. The maximum dorsiflexion and plantarflexion position of the 3 trials were
averaged. Then the maximum dorsiflexion and plantarflexion position was summed together
for a total active range value. For maximum strength, the maximum torque produced in each

trial was taken and averaged across all three trials for the impaired ankle.

Gait Function

The 5 repetitions for the 10mWT were first converted to a velocity (meters/sec), and
then averaged. For the 6MWT, the total distance was used in all gait function analysis. If
stroke participants were unable to complete the 10mWT or 6MWT without an AFO, they
were given zero for each test they could not complete.

Statistical analyses were conducted using Matlab R2023 software. Each output
parameter was independently tested for normality using Shapiro Wilks test. The 10mWT
and maximum dorsiflexion strength were not normally distributed (p < 0.05), but 6mWT,
active range of motion, and LEFM were normally distributed (p > 0.05). Since not all data
series proved to be normally distributed, we used non-parametric tests, Wilcoxon rank-sum
test for comparison and Spearmans’s rank order for correlation. An alpha level of 0.05 was

used for all comparisons and correlations.
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RESULTS

Participants

Thirty-nine people in the chronic phase of stroke (mean age 59.8 + 11.7 SD; 15

female/24 male) participated in the study. 27 were left side affected and 12 were right side

affected. Table 4 provides a demographic and clinical overview of the participants. Sixteen

non-impaired, age-matched (64.6+11.11 yrs; 7F/9M) controls were included. 12

participants were right-side dominant, and 4 participants were left-side dominant.

Table 4 Clinical characteristics of stroke participants (N = 39)

Average + SD

Age 60 12
Days Post Stroke 1155+ 1096
NIH Stroke Severity Scale [0 42] 6+3

Lower Extremity Fugl Meyer [0 34] 20+3
Modified Ashworth Score [0 4] 1.59 £ 0.48
6 min walk distance (meters) 113.3+66.8
10MWT (m/s) 0.37£0.24

Montreal Cognitive Assessment (MoCA) [0 30] 23 +6
[schemic/Hemorrhagic/Both 20/16/3

Biological Sex M/F 24/15

Overview of Proprioception Assessment Results

[Min Max]
[27 76]

[201 4085]
[216]

[12 26]

[02]

[0.20 298.50]
[00.76]

[129]

For Crisscross, stroke participants pushed the button on 333 out of the 390 crosses.

23 participants attempted all 10 crosses they were presented. 16 participants missed at least

1 crossing, and, of these, 4 pushed the button on less than 50% of crossings. Of the 57 total
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crosses with no button press, 29 attempts were missed in the plantarflexion region and the
remaining in the dorsiflexion region. Of the 333 crossings attempted, participants pressed
the button on average 0.3 + 1.3 seconds before crossing indicating that they on average
overly anticipated the moment their ankles would cross. The average absolute error for the
Crisscross test was 16.3°+7.2°.

For JPR, during the dynamic period participants lagged the target on average
50%+15% of the time and led 50%+*15% of the time. The average speed at which
participants moved the unimpaired ankle during the dynamic phase was 5.1°/s * 2.0°/s,
which was not significantly different from the average speed of the impaired ankle that they
were trying to track as the robot moved it (5.0°/s £0.2°/s, p = 0.99). Of the 156 static periods,
59% of button presses occurred with the unimpaired ankle below the intended position.
Participants on average pressed the button 5.6 + 8.0 seconds after the start of the matching
period. The delay to button press was positively correlated with JPR static error (R=0.32, p
=(0.046); thus, participants who took longer to press the button to indicate they had matched
their ankle positions exhibited greater error. The average absolute error for JPR Static and
JPR Dynamic was 11.3°+7.1° and 11.2°+5.6°, respectively.

For age matched participants their average Crisscross error, JPR Static error, and JPR
Dynamic error were: 9.6° + 3.5°, 6.1° * 2.3° 6.2° + 2.0° respectively. Impaired
proprioception, defined as exhibiting a mean error that was greater than 2 SDs of the mean
error in healthy controls, was present in the following percentage of the participants with

stroke: 87% for Crisscross, 74% for JPR Static, 76% for JPR Dynamic.
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Relationship between Robotic Assessments of Ankle Proprioception and Gait Speed

Together, the two robotic proprioceptive assessments produced three measures of
proprioceptive error: Crisscross error, JPR dynamic error, and JPR static error. The two
clinical assessments of gait function produced two measures of gait speed, one based on 10
meters of walking (i.e. the 10mWT) and one based on six minutes of walking (i.e. the 6MWT).
The average gait velocity for the 10mWT and meters walked for 6MWT was 0.37 * 0.24
meters per second and 113.3 + 66.8 meters, respectively. Table 1 shows the average values
for each measure, while Figure 19 shows graphs of the measures of ankle proprioception
versus the measures of gait speed. The only significant correlation was between JPR Dynamic
proprioceptive error and 6MWT (JPR Static: r = -0.34, p = 0.039, Figure 19F). JPR Dynamic
error was nearly significantly related to gait speed in the 10mWT (r = -0.28, p = 0.09, Figure
19C) and Crisscross error was nearly significantly related to 6MWT distance (r = -0.29, p =

0.08, Figure 19D).
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Figure 19 Relationship between three robotic measures of ankle proprioception (x axis)
and two measures of measures and gait function (y axis). A, B, C: Average 10mWT gait
velocity versus proprioceptive error. D, E, F: 6MWT distance versus proprioceptive error.
Statistics from applying Spearman’s correlation are shown. Abbreviations: 10mWT: 10-
meter walk test; 6MWT: 6-minute walk test; * denotes p < 0.05

Relationship between Robotic Assessment of Ankle Proprioception and Lower Extremity Motor

Impairment

The average AROM for the impaired ankle was 31.7° + 16.7°. The average maximum
dorsiflexion strength was 9.7 + 7.4 N/m. The average LEFM score was 20 + 3 (out of a
possible 34, Table 13). Figure 20 shows graphs relating ankle proprioception error to
measures of ankle motor impairment. No significant relationships were found between ankle

proprioception and ankle motor impairment (p > 0.2).
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Figure 20 . Relationship between three robotic measures of ankle proprioception (x axis)
and three measures of measures of LE motor impairment (y axis) D, E, F: Impaired
dorsiflexion maximum strength as a function of proprioceptive error. G, H, I: Impaired
AROM as a function of proprioceptive error.

Abbreviation: LEFM: Lower Extremity Fugl Meyer; AROM: Active Range of Motion; * p <
0.05

DISCUSSION
Gait function is a key factor in determining the level of independent mobility during
activities of daily living after stroke [205]. Identifying the specific motor and sensory
impairments that influence gait function is of great interest in stroke rehabilitation research,

in part because this knowledge helps guide treatment. In this study, we quantified ankle
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proprioceptive ability of 39 individuals in the chronic phase of stroke. Using a novel robotic
device we implemented two bilateral proprioceptive tests, a joint position reproduction
(JPR) test similar to previously developed JPR tests, and the Crisscross test, which here we
applied to the measurement of ankle proprioception after stroke for the first time. Using a
2SD criteria relative to age-matched controls, we found that ankle proprioception deficits
were common in our participants, being present in approximately 75-90% of individuals we
tested, depending on the specific test and error measure. We investigated the relationships
between the magnitude of the proprioceptive error measured with these tests and gait
function, quantified as gait speed across long and short distances. We found only one
significant but weak relationship between ankle proprioceptive acuity (measured with JPR
dynamic error) and gait function (measured with the 6MWT). We also found that ankle
proprioception acuity was not significantly related to three measures of LE motor
impairment (ankle AROM, ankle dorsiflexion strength, and LEFM score). We discuss first the

significance of these results then limitations and directions for future research.

Relationship between Ankle Proprioception and Gait Function

After stroke, significant but weak associations between LE sensation and gait
impairment have sometimes been observed [96], [101], [184], [185], [186] but not always
[96], [182], [183], [184] (see Table 12). This is somewhat surprising as there is a large body
of research that has identified the importance of LE sensory input for locomotion plasticity
[69], [70], [71], [72]. It has been suggested that the inconsistency in findings may be
explained by the variation in methods used to quantify proprioception [96], [185]. Here we
applied two robotic ankle proprioception assessments methods, hoping that the improved

consistency and sensitivity provided by robotics might more definitively answer this
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question. Yet we still found a mixture of significant, moderately insignificant, or insignificant
correlation results depending on the test, the measure of proprioceptive error, and the
measure of gait function; in all cases the putative correlations were weak in magnitude. This
result would be explained if: 1) there is only a weak relationship between proprioception
and gait function after stroke; and 2) there is high variability in proprioception acuity
between individuals after stroke. Then, regardless of the sensitivity of the proprioception
test, one would expect to find weak correlations, and that the statistical significance would
depend on the particular sample of participants.

Why might the relationship between ankle proprioception and gait function after
stroke be weak? One possibility is that, while normal gait function relies on ankle
proprioception, individuals who lose ankle proprioception learn to compensate using other
sensory pathways. Ankle proprioception is thought to rely mostly on information from
muscle spindles [206], but if spindle pathways are damaged then the locomotor control
system could substitute information from cutaneous and load related afferents, which are
modulated during gait due to loading and weight-shifting [207]. Furthermore, the central
nervous system (CNS) may also reduce reliance on somatosensory information and increase
reliance of visual and vestibular inputs [96]. The relative contribution of somatosensory,
visual, and vestibular sensory inputs changes in response to individual, task, and
environmental factors [60], [208]. Measuring gait function in the dark after stroke might
reveal a greater dependence on loss of integrity of leg proprioception.

Why is there high variability in ankle proprioceptive function after stroke? The
neuroanatomical damage due to stroke is highly variable in its location and extent;

somatosensory structures are sometimes affected and at other times spared. Further, ankle
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proprioception testing relies on cognitive abilities such as attention and working memory,
which are commonly impaired post-stroke [209] and confounded by fatigue [210]. These

impairments may further increase proprioceptive testing variability.

Relationship between Ankle Proprioception and Lower Extremity Motor Impairment

Consistent with other studies [96], [182], [183], [184] we did not find a significant
relationship between ankle proprioception and LE motor impairment in our sample of
persons with a stroke. No relationship we tested had a significance value less than 0.2. It
might be that other measures of LE motor impairment might lead to significant results, but
the three we tested here - active ROM, dorsiflexion strength, and LEFM score - are widely
used and clinically relevant. A more likely possibility is that the neural tracts and circuits
supporting ankle proprioception are anatomically distinct from those supporting LE motor
function. Thus, when a stroke destroys ankle proprioceptive circuitry, it is unlikely to
damage LE motor circuitry in a proportional way. Although the LE motor and somatosensory
representations in primary motor and somatosensory cortex neighbor each other [211],
[212], sensory-motor control of LE motion during walking is to some degree offloaded to the
spinal cord [213], [214], [215]. Thus, damage to cortical sensory-motor areas may induce LE
sensory deficits but have smaller consequences for gait function.

Limitations

This study has several limitations. First, while the sample size of 39 is considered
adequate in statistical theory for performing correlation analysis [216], increasing the
sample size might make the detection of any weak correlative relationships more robust.
Second, we deployed only two specific proprioceptive tests, and only measured

proprioceptive acuity at the ankle joint. A recent review by Horvath et al,, highlights that
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errors measured with different proprioceptive assessments or at different joints do not
appear to generalize, at least for young unimpaired persons and persons with peripheral
nervous system damage, suggesting that each proprioceptive assessment tests a different
aspect of proprioception [56]. If different proprioceptive assessments test different
underlying mechanisms, changing the method of proprioceptive assessment may change the
result. Third, there may be aspects of gait function with which ankle proprioception is more
strongly related. For example, this study did not test walking in dark conditions or include
an assessment specifically focused on balance [16], although we would expect deficits in

balance should be reflected in gait speed.
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CHAPTER 8: CONCLUSION

The lack of understanding concerning the high variability of stroke impaired
individuals’ response to movement rehabilitation is a major gap in stroke rehabilitation
research that was identified at the start of this dissertation. Understanding this variability
can potentially reduce the cost and increase the efficacy of post-stroke rehabilitation. A
biological measurement that shows promise in predicting treatment responders is
proprioception. Therefore, in this dissertation, we designed and validated robotic
assessment infrastructure for supporting an NIH-funded RCT at UCI that is using a brain
computer interface (BCI) with functional electrical stimulation (FES) to treat footdrop of
chronic stroke participants. At the onset of the UCI BCI-FES RCT, we identified a need for a
precise, valid test of ankle proprioception. The robotic technology described in this
description provided this proprioception test, as well as several novel insights into ankle

proprioception and ankle sensory motor assessment.

SUMMARY OF NOVVEL CONTRIBUTIONS OF THE DISSERTATION

We began by describing the design and specifications of the novel, platform-based
robot called Ankle Measuring Proprioception Device (AMPD) (Chapter 2). AMPD was
designed for assessing ankle proprioception as well as ankle range of motion (ROM) and
strength (MVC). We described in detail the mechanical and software systems for both
version 1 (AMPD 1.0) and version 2 (2AMPD). The key design concept behind both AMPD
robots is that they have two impedance states, mechanically rigid and mechanically
transparent, which are chosen by manually engaging (locking) or disengaging (unlocking)

the rack and pinion. This allows a high dynamic bandwidth (rigid or maximally
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backdriveable) with use of low-cost motors. In addition, this design approach simplified
the control and safety of the robot, making it well suited for use in the ongoing BCI-FES
trial. With these two robots we implemented in the ankles for the first time Crisscross, a
sensory assessment that is more advantageous to use in the stroke population with motor
control impairments, as well as more common proprioceptive assessment, joint position
reproduction.

Using AMPD, we generated new insights into how the parameters of ankle
proprioception assessments influence ankle proprioception acuity (Chapter 3). When it
comes to implementing a new proprioception assessment, a major question arises, what
parameters do [ need to control for? Without understanding the parameter space, a
misrepresentation of proprioceptive integrity can be elicited. Therefore, we varied the
speed at which the ankles moved and the size of workspace for 26 young and 25 older
unimpaired participants. Testing a smaller range of motion significantly lowered
proprioceptive error (p < 0.001) in both groups, but normalizing the error by the maximum
possible error that could be achieved caused range of motion to no longer influence acuity.
This is because, for Crisscross, proprioceptive acuity linearly scales with range of motion
(r2=0.13,p <0.0008). Normalized Crisscross error provides a means to objectively
compare errors from individuals with different testing ranges. We also determined that
ankle proprioception has poorer acuity at slower speeds due to greater anticipatory errors
(p <0.001). Further, proprioceptive acuity significantly improved near the ends of the
range of motion for young and older participants (p<0.001) with the greatest error in the
mid-extension of the workspace, which could indicate greater involvement of load and joint

receptors in this situation. Lastly, across testing parameters, contrary to our expectations,
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aging did not significantly deteriorate ankle proprioceptive acuity, which warrants further
investigation. With this improved understanding of how range of motion and speed affect

proprioceptive acuity, we used similar slower speeds to evaluate the validity of Crisscross
in a subsequent study.

Specifically, we studied the concurrent validity of Crisscross against a commonly
used technique, joint position reproduction (JPR) in young and older unimpaired
participants, and participants in the chronic phase of stroke, where the older unimpaired
participants were age-matched to the stroke participants (Chapter 4). Previous studies
have led to the assertion that proprioception acuity is method-specific [56], [144], [145],
causing a potential problem for selecting an assessment for a clinical trial. First, we
determined proprioception accuracy was significantly worse after stroke compared to age-
matched controls as expected. However, older participants did not have significantly worse
proprioceptive acuity compared to younger participants, suggesting that ankle
proprioception accuracy was preserved into at least 60 years old. Second, we determined
that proprioceptive acuity was significantly better when using an active proprioception
assessment (JPR) (p < 0.05), suggesting actively moving the ankle during the assessment
improved proprioceptive estimation. Third, we found that generalization occurred between
Crisscross and JPR error in older and stroke participants, but not in young participants.
This demonstrated a level of generalization in these populations, and suggesting neural
machinery vulnerable to aging or stroke is shared between assessments. Last, the data
suggested that proprioceptive accuracy is driven primarily by integrating velocity signals
rather than by directly sensing position for JPR. These results demonstrated that Crisscross

is a valid ankle proprioceptive assessment, and that both the Crisscross and JPR
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proprioceptive assessments provide novel information about the role of age, active
movement, and velocity-related signals in ankle proprioceptive accuracy.

Zooming out and looking at proprioception from a holistic view, we posed the
question: is proprioception a body general attribute or a site-specific attribute? That is, to
what extent do individuals who perform better/worse on a proprioceptive task at one joint
also perform better/worse at other joints (Chapter 5). Previous studies have led to the
assertion that proprioception is not only method-specific but also site-specific [56], [144],
[145]. Therefore, using our passive assessment Crisscross, we assessed ankle and finger
proprioception acuity for 26 young and 25 older unimpaired participants, and determined
that, first, as expected, finger acuity is significantly better for the fingers than the ankles (p
< 0.01). Second, ankle proprioception acuity was weakly correlated with finger
proprioception acuity in young and older participants (r = 0.40 - 0.49, p < 0.05). These
results indicate that there is a body-general component to proprioceptive processing in
young and older unimpaired individuals.

AMPD was designed for assessing ankle proprioception as well as ankle range of
motion (ROM) and strength (or “maximum voluntary contraction” - MVC. Now focusing on
ankle ROM and strength, we questioned if AMPD is as effective as skilled therapists at
quantifying ankle ROM and dorsiflexion MVC (Chapter 6). In 34 persons post-stroke we
measured robotic test-retest reliability and validity and compared them to experienced
therapists making the same measurements in the same persons using a goniometer and
manual muscle testing. To further test the reliability of AMPD, we included 36 young and

26 older unimpaired adults. Like a skilled therapist, AMPD is highly reliable for evaluating
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ankle ROM but captures a larger ROM possibly due to the foot pedal support at the ankle.
Also, AMPD has an advantage in both reliability and resolution for measuring MVC.

Finally, we sought to understand how our novel assessment, Crisscross, and a
commonly used assessment, JPR, relate to ankle motor impairment and gait function after
stroke (Chapter 7). We assessed 39 individuals in the chronic phase of stroke and found
proprioceptive acuity measured with JPR was moderately correlated with gait speed, but
ankle proprioceptive acuity using either proprioceptive assessment did not correlate with
lower extremity motor impairment. These results confirm the presence of a weak
relationship between ankle proprioception and gait after stroke that is independent of motor
impairment.

Together these results demonstrate the reliability and validity of a novel platform-
based robot (AMPD) for assessing ankle proprioception, as well as for assessing ankle ROM
and MVC. Also, these results for the first time provide insight into on how ankle
proprioceptive assessment parameters affect proprioception acuity, identifying a
component of proprioception processing that is body-general (i.e. shared between the
fingers and ankles), and showing that baseline proprioception predicts gait speed in a group
of 39 person’s post-stroke. Ultimately, besides making these fundamental contributions, this
work also lays the groundwork for determining whether lower extremity proprioception
acuity predicts responders to gait rehabilitation after stroke. At the time of writing of this
dissertation, AMPD has been used to evaluate proprioception, ROM, and MVC in over 40

individuals post-stroke who have enrolled in the ongoing BCI-FES RCT at UCI.
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FUTURE WORK

We briefly identify three important directions for future research on ankle
proprioception using robotics technology.

There are a large number of research studies that have that found age degrades
proprioception [74], [75], [117], [217]. Interestingly, we found the opposite for the ankle:
older individuals had better proprioceptive acuity, particularly when measured as timing
error using Crisscross. Future work should add a group of middle-aged participants, similar
to [117], as well as very old participants, to determine if this finding is caused by inclusion
of older participants in the younger range of aging (50 to 60 yrs). Understanding the
factors that preserve ankle proprioceptive acuity into aging is another important direction
for future research.

Future work could also create computational models representing proprioceptive
assessments. Currently there is a lack of computational models that explain the known
features of ankle proprioception acuity, to which this dissertation contributed several new
findings. Models could combine aspects of neurophysiological factors and cognition to
explain the observed patterns in young and older unimpaired participants, and then apply
these models to individuals post-stroke. Modeling proprioception would improve our
mechanistic understanding of sensory function and suggest further experiments.

Lastly, future work should determine if ankle proprioception acuity predicts
response to movement rehabilitation. As described above, we have collected a large data
set to answer this question as part of the BCI-FES RCT at UCI, which is scheduled to
complete in 2024. Once the trial completes, we will analyze how well Crisscross results

predict changes in gait speed after therapy. AMPD could also be used in other populations
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with motor and sensory impairments, such as individuals with cerebral palsy or spinal cord
injury, to determine if Crisscross is a sensitive and effective assessment in these

populations as well.
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