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Abstract

One of the great challenges facing modern science is the ability to measure cognitive
function. This is important for making advances in brain research as well as for clinical
practice involving diagnosis and treatment. Unfortunately, cognitive function cannot be
measured directly and attempts to assess cognitive function through neuropsychological
or other testing is based on comparing patient test scores to normative data to determine
whether a patient is impaired. While successful for diagnosing disease and detecting
brain damage, this methodology has been hampered in assessing cognitive deficits
because the tests are not suitable for making inferences about the underlying cognitive
processes involved in test performance. Advances in technology, monitoring and
computational modeling generated an opportunity to link cognition directly to behavioral
data. One very general approach is the use of computational models to build, fit, and test
precise relationships that may link behavioral measurements to cognitive processes
underlying the behavior, which we exploit to investigate the relationship between
cognitive and motor function.

There has been increasing evidence that motor function is an important indicator
of cognitive and physical function. For example, motor slowing precedes cognitive
impairment and is diminished in neurodegenerative diseases. One of the most commonly
used assessments of motor speed is the Halstead-Reitan finger tapping test (FTT). The
FTT has been repeatedly linked to current levels of cognitive function and future
cognitive decline, although it is considered to be a simple motor task with little cognitive
involvement. In addition to the apparently disparate role of cognitive function in the task

— it is perceived as a non-cognitive task despite other work showing cognition relates to
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the FTT — the task administration suffers from several shortcomings common to many
neuropsychological tests. Specifically, the test is administered infrequently, requires a
trained assessor, outputs a final score that is aggregated across trials. These shortcomings
make the test unable to distinguish between abrupt change and slower change over time
and cause troubles with inter-rater reliability. Further, the test is not specific to different
diseases and is not a naturally occurring task in everyday life (i.e., it lacks ecological
validity).

In this thesis, we demonstrate that finger tapping does, in fact, recruit cognitive
resources by explicitly characterizing the role attention plays in the task (as measured by
a serial subtraction task known to also require elements of calculation and working
memory). We first develop a novel finger tapping decomposition that allows us to
statistically characterize the different physical components of the tapping task. Using this
characterization, we are able to demonstrate that reduced attention and increased
cognitive load both slows the speed and increases the variability in certain behavioral
aspects of tapping (referred to as dwell phases). We also show that reduced attention does
not modulate the other behavioral aspects of tapping (referred to as transition phases).
Additionally, we demonstrate that monitoring typing at the keyboard during normal
computer use can be used as a surrogate for the FTT, which overcomes all the normal
limitations of finger tapping assessment outlined above. Specifically, this provides an
objective and continuous assessment of motor function that not only has face validity to
the FTT but also demonstrates the high correlation between tapping and typing speed,
suggesting a high degree of overlap between the cognitive and motor function used in the

two tasks.
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Taken together, our results not only indicate that finger tapping is a cognitively
demanding task but also provide the first steps toward characterizing the interplay of
cognitive, motor and sensory function during the task by characterizing the role of
attention in the task. We also provide a novel methodology for obtaining a continuous,
unobtrusive, and objective assessment of motor function by means of everyday typing at

the computer.
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Chapter 1: Introduction

One of the great challenges facing modern science is the ability to measure and make
direct inferences about cognitive processes and individuals’ cognitive function, which has
many applications including improved health care, early detection of disease, and
increased understanding of the organization and function of the human brain. To date,
cognition cannot be measured directly, thus inference mechanisms must be developed to
relate cognitive processes to observed measurements, such as different facets of observed
behaviors. Neuropsychological and other clinical testing used currently have attempted
to make inferences about cognitive function through various tests that attempt to measure
different cognitive domains such as executive function or memory[1]. While successful
for identifying various disease states such as Alzheimer’s disease or detecting brain
damage, these tests often lack specificity and do not measure the underlying mechanisms
causing poorer test scores. Instead, they often use a wide body of normative data for
similar patient groups (e.g., same age range or gender) to identify “normal” scores from
which poor scores can be identified that are associated with poor cognitive function or
adverse health outcomes. In order to overcome these limitations in the state-of-the-art of
cognitive testing, new approaches are needed that can link cognition directly to
something observable, such as behavior.

One of the most promising approaches towards solving this problem is the use of
computational models. Within the last 10-20 years, the cost of computing has decreased
enough to make feasible the collection of thousands of measurements a second (or more)
while also providing the computing power to build, fit, and test precise models linking

the large number of measurements from observed behavior to the cognitive processes
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underlying this behavior. At a high level, the focus of this thesis is on exploring the
relationship between cognition and motor function while also addressing some of the
problems with measuring cognitive and motor function, as will be described in detail
below. However, the overarching theme of this thesis is that the investigations described
below are only possible because we specialize the power of computational modeling to
one of the most commonly used neuropsychological tests to model a direct and causal
link between the important cognitive function of attention and the observed behavior of
finger tapping. In particular, we find that if we reduce attention available to the tapping
task by adding a concurrent cognitive task, we can measure a coincident change in
tapping performance. Attention is a concept that describes one’s ability to allocate
cognitive processing resources, and our ability to measure attentional capacity depend on
the the effects of the cognitive load(s) used to recruit attentional resources. Here and
throughout this thesis, when we refer to “attention” we mean the process of allocating
resources required to backwards count as defined by the “serial sevens” task (backwards
counting from 100 by 7), which serves as the cognitive load used in our experiments as
described in more detail below. Serial sevens is widely considered to be an attentional
task[103-106] although motivation, calculation[107] and working memory[108] have
also been suggested to play a role and the verbal response may require motor resources.
To the best of our knowledge, this is one of the first attempts (perhaps the first) to use
computational modeling to identify a strong and potentially causal link between cognitive
function and a behavior measured by a commonly administered neuropsychological test.
In the following, we introduce the work described in this thesis. We start by

discussing the need to study sensorimotor function and discussing the link between



motor, cognitive, and physical function. We then discuss in detail one of the most
commonly administered neuropsychological tests of motor function, the Halstead Reitan
finger tapping test (FTT), which is the observed motor behavior for which we build a
computational model. We then discuss the objectives and significance of our work,

followed by an overview of the rest of this thesis.

1.1 Motor, Cognitive, and Physical Function
The study of sensorimotor function is vital for a variety of reasons. In the clinical setting,
motor function has been used to monitor and assess behavioral or functional change
associated with aging[2, 3], including identification of pathological conditions that may
require increased levels of patient care. Measures of motor function have also been used
extensively for diagnosis and assessment of neurodegenerative disease such as
Alzheimer’s[4] or Parkinson’s disease[5], the two most common and perhaps most
devastating of the neurodegenerative diseases. Motor function has also been used as an
objective assessment of an individual’s health status, which may be more accurate than
subjective patient complaints. Outside of the clinical setting, the manipulation of motor
tasks is used to discover relationships between sensory, motor, and cognitive function[6,
7], which help further our understanding of the interplay between these complex
processes.

Substantial research has also shown motor function to be an important predictor
and indicator of both cognitive and physical function. For example, motor slowing in
elderly patients has been shown to precede cognitive impairment [8-10] and is a risk

factor for future hospitalization[11, 12]. Motor speed has also been linked to cognitive



function[13, 14] and risk of future disability[15, 16]. Measured levels of motor
dysfunction have been used to differentiate between normal aging and different levels of
dementia[17, 18], and excessive motor speed asymmetry has been seen in patients
diagnosed with probable Alzheimer’s disease [19]. Other motor phenomena, such as
variability and accuracy, are sensitive to aging[20, 21] and predictive of future cognitive
decline[22], are impaired in early stage dementia[23], and are related to cognition[24].
Although the literature implicates motor function for these relationships, the observed
relationships likely also depend on the sensory and possibly cognitive components of the
measured motor tasks [25-27].

Motor function is measured in a variety of different ways, but perhaps the most
commonly used research and clinical assessments involve gait or tapping tasks, which we
describe in turn below. Gait, in addition to being a complex motor task, is also widely
regarded as a complex cognitive task[28], although this was not always the case.
Recently, gait was considered to be produced primarily by a central pattern generator (a
neural circuit producing rhythmic output) [29-34] with minimal cognitive involvement.
However, numerous studies have linked gait to executive function[28, 35-37] and
function in other cognitive domains[38-40]. Studies have also associated gait with
cognitive decline[41, 42] and disability[43]. Gait has been linked to falls[44, 45], and
abnormal gait patterns have been associated with dementia[46] and the loss of focalized
gray matter[47]. Further, various facets of gait have been linked to specific cognitive
domains, thus helping to elucidate how specific or diminished cognitive resources
modulate gait. For example, one study linked the pace and rhythm of gait to executive

function and memory, respectively[48]. Another study found that visuospatial ability,



processing speed, and executive function were associated with greater variability in the
double support phase of gait (when both feet are on the ground)[40]. Additionally,
pathological gait has been studied and identified for many different neurodegenerative
and other diseases allowing qualitative gait analysis to distinguish some disease states
from healthy states[49] such as festinating gait[50] or freezing of gait in Parkinson’s
disease[51].

Unlike gait, finger tapping, is generally considered to be a simple motor task with
minimal cognitive involvement[28]. In the remainder of this thesis we do not further
discuss gait, but note that the trajectory of understanding about gait - from being
considered a simple repetitive task with minimal cognitive involvement to a complex
cognitive task — is very similar to what we find about finger tapping. Many different
finger tapping tasks exist and are routinely used in studying movement disorders [52-55],
dementia research [23, 56, 57], and for aging and dual-task experimentation [58-60].
One study showed patients with essential tremor have impaired tapping speed and
frequency when compared to age and sex matched controls[61]. A finger tapping task is
also included in the motor subscore (Part IlI) of the assessment of the Movement
Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating
Scale[62] and is often used in neuropsychological testing[1, 63]. Despite the perception
of tapping as a simple motor task, it has also been widely linked to sensory and cognitive
function [9, 17, 18, 52, 56, 64]. However, in contrast to the rich results in the gait
literature, these results have all been correlational in nature, linking some measure of
finger tapping performance, such as absolute speed [9, 17, 18, 52, 56, 64], to function or

a disease state - with no specific link elucidated between finger tapping and the specific



cognitive and motor components underlying it. Better understanding of the relationship
between finger tapping and the cognitive and sensory components underlying it would
greatly improve the sensitivity and specificity of tapping as both a diagnostic and

research tool.

1.2 The Halstead Reitan Finger Tapping Test

By far the most commonly administered tapping task for neuropsychological evaluations
and diagnoses [63, 65] is the Halstead-Reitan Finger Tapping Test (FTT) [66], which is
widely used to detect both motor and cognitive impairments [1]. The FTT, also called
the finger oscillation test[67], is considered to be a relatively pure task of gross motor
speed[68, 69] (although it has been suggested that the FTT is affected by alertness,
attention, problems with task initiation, and general slowing of responses[1]).

The FTT is scored as the average number of times a patient depresses a key with his or
her index finger (each hand is tested separately) during 5 trials on a manual finger-
tapping device, where each trial lasts 10 seconds. The test nominally consists of 5
tapping trials, but will continue until either the counts on any five trials are within five of
each other or 10 trials are administered[1], although variants on the basic instructions
have also been reported[70].

The test is sensitive to brain damage[71, 72], age[73], gender[74], and
handedness[75]. The FTT is also sensitive to cognitive decline[9, 76] and mild or early
stages of dementia[23, 57]. However, while the test is sensitive to a wide variety of
conditions, it lacks specificity. For example, while finger tapping scores could

distinguish between healthy controls and patients with motor dysfunction (cerebellar



diseases, parkinsonian patients, or hemiparesis of cerebral origin), it could not distinguish
between the different motor dysfunctions[75] (note: a non-standard apparatus was used
for tapping in this study). Further, it is unclear whether the reduced performance in
tapping in early-stage dementias are truly a result of motor slowing, or whether cognitive
declines associated with the impairment are directly affecting test performance. In
general, the underlying interplay between cognitive and motor function during tapping is
not well understood. A more comprehensive understanding of how the tapping task is
related to an individual’s motor and cognitive abilities (and changes in these abilities over
time) is needed to improve the specificity of the task as a diagnostic tool and aid in
understanding how certain disease states manifest in tapping behavior.

The FTT also suffers from other problems common to many neuropsychological
and clinical assessments. First, the reported outcome is a single number for each trial,
which is then averaged across trials. No information about tap-to-tap variability, trial-to-
trial variability, or slowing during a trial is measured. However, recent research suggests
that measures unrelated to tapping speed, such as variability and accuracy, are related to
cognitive ability [22-24], and may be more sensitive to cognitive change than absolute
speed. Additionally, the test is performed infrequently — typically, six months or more
pass between assessments. As a result, the FTT cannot reliably detect motor changes at
the time of onset or distinguish between acute changes and slower changes that have
occurred over time. The need for a trained clinician to administer the test using a
stopwatch and manual finger tapper can cause issues with inter-rater reliability [74] and
makes it more difficult to administer the test outside of a clinical or laboratory setting. A

computer based FTT has been proposed to make test administration more precise [77,



78], but does not address the other reported issues. Another shortcoming is that the FTT
can confound motor ability with short-term fatigue, which is especially noticeable after
several trials. Last, the FTT is not a task naturally performed in daily life, thus lacking

ecological validity.

1.3 Objectives and Significance

Two main groups of problems have been outlined in the prior two sections of this thesis.
The first is the lack of understanding of the interplay between cognition, sensory
perception, and motor function during the simple activity of finger tapping. The second
is related to test administration shortcomings and ecological validity. In this thesis, we

address each issue for the finger tapping during the FTT.

1.3.1 Objective 1: Differentiating the Cognitive and Motor Aspects of Tapping
Our approach to differentiating between the cognitive and motor aspects of finger tapping
is based on a novel decomposition of the tapping task into a sequence of component
tasks, or phases, that appear to be most heavily influenced by cognitive or motor
function. We developed a computational statistical model for the durations of the
different component tasks required to effectively tap during the FTT, which allows
characterization and independent assessment of the cognitive and motor aspects of
tapping. In addition, the model allows determination of fatigue, learning, and variability
(tap-to-tap, trial-to-trial, and among the different phases of tapping).

The five individual tasks, or phases, of tapping can be grouped into three parts.

The first is the initial reaction time (IRT), consisting of the time to initiate tapping after



being directed to tap, which is widely considered to be a measure of (cognitive)
processing speed[79]. The next two phases appear to be most heavily influenced by
motor function and are defined as down transition (DT) and up transition (UT). These
components consist of the time which the flexion/extension of the finger drives the lever
from the top position to the bottom (flexion) position or releases the lever from the
bottom position to the top (extension). The last phases of tapping are the two that appear
to recruit sensory resources and involve cognitive processes: up dwell (UD) and down
dwell (DD). These components consist of sensing the top or bottom of the lever and
initiating a motor movement in the opposite direction. With this decomposition, an FTT
trial (with each tap performed correctly) consists of the following sequence of phases:
IRT (first tap only)->DT->DD->UT->UD->..., where each set of four phases DT->DD-
>UT->UD-> represents a single tap and repeats until the FTT trial is complete. The need
for two dwell phases and two transition phases comes from the lack of symmetry in the
task. The dwell phases differ in terms of the sensory input available to the finger (the up
dwell phase depends on sensing when the finger leaves the tapping lever whereas the
down dwell phase depends on sensing when the lever has reached the minimum position,
where the lever “hard stops” at the lowest possible lever position). The transition phases
differ in terms of the activated muscles (the up transition phase is dependent on finger
extension, and the down transition phase is dependent on finger flexion).

The importance of this decomposition is in the ability to group phases into
specific cognitive and motor components, and then to use the time in each phase as a way
to characterize each component. This characterization allows an independent assessment

of the different resources recruited during the task (motor and cognitive), and allows



assessment of the change in different components due to differing levels of cognition.
Example uses include evaluating differences between a patient group and control group
(e.g., mild cognitively impaired versus cognitively intact), an individual under a dual task
condition (e.g., tapping only versus tapping while backwards counting) or an individual
over time (longitudinal assessment). Further, by looking at how time spent in each phase
changes over the course of an FTT trial and/or across trials, one can investigate fatigue
and learning effects[80, 81], which both can influence the traditional scoring method of
the FTT as well as other neuropsychological tests.

One specific question that our research answers using the statistical model of
tapping is whether and to what extent finger tapping changes when attentional resources
are diminished, using a dual task paradigm. Related to this, we report three specific

results tested prospectively in a cohort of 20 elderly subjects. First, we confirm that a

1
Atention || Sensory
Perception
1 ;
Start _Hreattmn Movement Fingar
Task me (motor] Movemenk

Figure 1.1. Diagram of finger tapping task decomposition (black) into initial reaction time,
motor (down/up transition phases), and sensory components (down/up dwell phases). Red
blocks and numbered red arrows show possible ways attention may modulate tapping. We
hypothesized and found that attention modulates sensory perception and processing speed,
but not speed of movement. This corresponds to red paths 1 and 2 being connected,
whereas path 3 is not.
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decrement in tapping (i.e., a lower score) exists and is detected in the dual-task condition
compared to tapping only, which is consistent with a body of dual-task research [59, 60,
82, 83]. Second, we found that the observed decrement in tapping is divided between
slower task initiation and slower average tapping during the task. Third (see fig 1.1), we
determined that time spent in both dwell phases of tapping is longer during dual task, but
the time spent in the transition phases is not. These results show, in particular, that the
dwell phases are sensitive to an individual’s available cognitive resources as measured by
reduced attention during the dual-task condition. More generally, these results also
suggest that tapping is more than a simple motor task and requires substantial cognitive

involvement, like gait[28].

1.3.2 Objective 2: Measuring Motor Speed Continuously and Objectively

In order to overcome the limitations of the clinical test methodology for finger tapping,
we proposed and validated typing on a computer keyboard during normal, everyday
computer use in a person’s own home as a surrogate for finger tapping. Typing has face
validity for tapping — the flexion and extensions of normal typing are the same as those
used for depressing the finger tapping lever — and is ecologically valid in the sense that
using a computer is a normal activity performed regularly. Specifically, in an elderly
cohort we show a high correlation between the speed of tapping and the speed of typing,
suggesting that much of the motor and cognitive resources involved in tapping overlap
with those used during typing. This approach to measuring motor speed overcomes
issues with test-retest reliability, inter-rater reliability, infrequent test administration
(typing can be monitored as often as it occurs naturally), ambiguity in detected

differences, and does not require a trained administrator.
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1.3.3 Specific Contributions

This thesis presents three main contributions — an engineering contribution, a basic

science contribution, and an application to in-home monitoring. These are:

1)

2)

3)

(engineering contribution) A novel computational/statistical model of finger
tapping that decomposes the task of tapping into independent behavioral
components and comprehensively characterizes an individual’s finger tapping

behavior from a series of FTT trials.

(basic science contribution) Results linking decreased attention (experimentally
changed during a dual-task experiment) to an increase in the dwell phases of
tapping while the transition phases remain unaffected. Particularly, we find we
can induce a change in tapping performance by reducing the attention available to
the task, which implicates an important aspect of cognitive function in the

performance of specific, independent components of tapping behavior.

(applied contribution) Face validity and results demonstrating high correlations
between tapping speed measured clinically and the speed of typing in the home
demonstrate that tapping and typing share much of the same underlying cognitive
and motor resources, and suggest that measuring typing is a viable alternative for

measuring motor function.
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1.3.4 Significance

The proposed model of finger tapping based on a novel task decomposition, the new

results implicating sensitivity of dwell phases of tapping to attention, and typing as an

alternative measure of motor function, may have significance in several areas:

Demonstrating the power of computational modeling in neuropsychology:
Detailed observations and precise modeling combined facilitated a direct and
possibly causal link between motor behavior and cognitive function (in that we
can cause change in tapping by reducing available attentional resources to the
task), and has the potential to provide precise and direct inference of other aspects

of cognitive function.

Facilitating precise inferences about cognitive and functional declines associated
with tapping: The proposed model has the potential to identify what specific

aspect of tapping is impaired when impairment is detected.

Greater test specificity: The model may be able to distinguish between different

motor/cognitive disease states by allowing a characterization of how tapping is

affected in different diseases.

Providing greater understanding of tapping as more than just a simple motor task:

Our work provides some of the first steps towards identifying the behavioral
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characteristics of typing and how differing levels of cognitive and motor function

influence them.

e Removing non-patient specific variability from clinical assessments: Measuring
typing instead of tapping has the potential to provide a more precise and objective

measure of motor (and cognitive) functions.

e Detecting cognitive and motor deficits earlier: Continuous measurement of
motor/cognitive function has the potential to detect subtle change earlier than is

done clinically with infrequent measurements.

1.4 Thesis Overview
The remainder of the dissertation is organized into the following sections:

Chapter 2 (Background) defines and surveys other frequent applications of
tapping such as to characterize sensorimotor synchronization and measure spontaneous
motor tempo. The brain regions implicated in tapping are then reviewed, and the chapter
concludes with a discussion of tapping research more closely related to ours.

Chapter 3' (A Statistical Characterization of the Finger Tapping Test: Modeling,
Estimation, and Applications) provides a detailed description of the finger tapping task
decomposition and the statistical model for the phases that results in a 29 parameter

characterization of tapping. Some preliminary applications of the model in a pilot study

! Chapters 3-5 read like journal articles as opposed to chapters. This is because chapter 5 has been
published, chapter 3 is under review, and chapter 4 is in preparation. In an effort to keep consistency
throughout the thesis (and to alleviate copyright concerns), each of the chapters has the same structure.
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of healthy subjects are presented including measurement of fatigue and the first steps
toward measuring the effect of attention on tapping.

Chapter 4 (The Role of Attention in the Halstead Reitan Finger Tapping Test)
presents the main results linking motor function, sensory perception, and attention. In
addition to presenting precisely the results outlined above (1.3.1 Objective 1:
Differentiating the Cognitive and Motor Aspects of Tapping), results further
characterizing this relationship are presented. This includes the link between tapping
variability and attention and the relationship between several neuropsychological tests of
attention and tapping.

In chapter 5 (Measuring Motor Speed Through Typing: A Surrogate for the
Finger Tapping Test) a case is made for measuring motor speed during typing as a
surrogate for tapping. Many of the shortcomings in test administration are presented
along with a case for typing at the keyboard having face validity to finger tapping. A
strong correlation is also presented between the speed of typing and the speed of tapping
in both the dominant and non-dominant hands, suggesting significant overlap in the
cognitive and motor resources underlying both typing and tapping.

In chapter 6 (Summary and Conclusion), the main findings of my thesis are

summarized along with a brief discussion of future directions.
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Chapter 2: Background

In this chapter, we provide background information on areas of research related to finger
tapping. In section 2.1, we discuss two non-clinical uses for finger tapping: to study
sensorimotor synchronization and to measure spontaneous motor tempo. We then present
and discuss imaging studies that have helped identify cortical areas involved in finger
tapping before discussing the dual-task paradigm and attention. This is followed by a
discussion of work similar and perhaps most relevant to ours, which is intended to
address some of the shortcomings associated with current measurements of finger
tapping, and highlight some of the advantages and applications of our work not addressed

by these other contributions.

2.1 Other Applications of Finger Tapping

In this section we discuss two common, non-clinical areas that extensively use finger
tapping tasks — the study of sensorimotor synchronization and spontaneous motor tempo.
Both research areas are important but fundamentally different from the work we present

in this thesis as we discuss below.

2.1.1 Sensorimotor Synchronization

Sensorimotor synchronization (SMS) is the rhythmic coordination of perception and
action[84]. SMS is studied frequently in the laboratory with tapping tasks that require a
subject to tap — often with the index finger — in time with a metronome or other auditory
stimulus. This type of tapping task is popular in large part because of the simplicity of

the task and the ability to conveniently study basic mechanisms of SMS[85]. Some of the
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important findings have been the understanding of rate limits for SMS, where a frequency
range of 0.55 Hz — 5 Hz has been reported[84]. In musically trained participants, the
ability to maintain synchronization at higher frequencies has been investigated, with an
upper threshold of 8.3-10 Hz reported[86]. Other studies have investigated negative
mean asynchrony (the tendency for finger taps to slightly precede the
metronome/auditory tone) in musically trained and untrained participants[87, 88],
examined variability in response timing[89], and investigated the neurobiology of
rhythmic motor timing[90]. While work in this area is certainly important and exciting,
the fundamental questions being investigated are substantially different from those
investigated clinically, and the tapping task is inherently different from the FTT. In
particular, our work with finger tapping is not concerned with synchronization; rather we

investigate the role of attention in unsynchronized tapping performed as fast as possible.

2.1.2 Spontaneous Motor Tempo

Spontaneous motor tempo (SMT) is often measured by an unpaced tapping task, where
individuals’ are asked to tap at a rate that feels natural and comfortable[91]. SMT is
thought to be biologically determined[91, 92] and to reflect an internal timekeeper[93].
SMT has been shown to slow with age[94]. One recent use of SMT was to assess
differences in the underlying mechanisms of duration production (estimating a length of
time) and reproduction (estimating a previously observed length of time). The study
investigated the role of the internal clock and working memory in duration production
and reproduction. The results suggested that duration production was only correlated

with SMT while working memory was only correlated with reproduction, suggesting
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different mechanisms underlying duration production and reproduction[95].  Other
studies have found an age-related slowing in SMT, but that SMT is stable within a given
age[91, 96]. In general, work using unpaced tapping and the study of SMT is closely
related to tapping tasks for SMS in the sense that the intent of using tapping tasks is for
timing (e.g., producing and reproducing intervals), as opposed to the study of motor
function or for clinical diagnoses. However, the work on SMT differs substantially from
ours in that we seek to investigate the role of attention in a speeded finger tapping task as

opposed to investigating the nature of an internal timekeeper.

2.2 Cortical Regions Implicated in Finger Tapping

In addition to measuring motor phenomena and aspects of human timing, finger tapping
has also been used extensively to study the anatomical human motor system[97, 98]. A
recent meta-analysis of 38 imaging studies with varying finger-tapping tasks suggested
the primary sensorimotor cortices, supplementary motor area, premotor cortex, inferior
parietal cortices, basal ganglia, and anterior cerebellum are all neurocorrelates of finger-
tapping[99]. Other studies have focused on specific tapping tasks to elucidate the neural
correlates specific to these tasks. For example, one study found increasing regional blood
flow in the primary sensorimotor cortex with increasing tapping frequency, whereas the
pre-supplementary motor area and cingulate motor area showed increased activity only
when tapping frequency deviated from the subjects’ own comfortable pace[100]. The
authors suggested that the pre-supplementary and cingulate motor areas may be involved
in motor control under difficult conditions as opposed to movement execution. Another

study reported that index finger flexion during repetitive self-paced tapping activates the
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supplementary motor area, premotor cortex, and cingulate motor area with increased
activation in the supplementary motor area compared to the cingulate motor area,
suggesting that the supplementary motor area plays a more integral role in self-paced
tapping[101]. Perhaps the most relevant to the research presented in this thesis is a study
that investigated how attention modulates cortical activity in sensorimotor areas. Using a
backwards counting task (considered to be an attentional task) as a distractor dual-task, it
was shown that the reduction in attention to the tapping movement as a result of the
distractor task resulted in a negative interaction (less activation in the region compared to
the sum of activation from the individual tasks — tapping and counting) in the
supplementary motor area, cingulate cortex, insula, and post-central gyrus[82]. While
our thesis does not confirm or pursue the neural correlates of tapping and attention, it
does describe behavioral correlates of tapping and attention, thus enriching the imaging

studies with similar behavioral results.

2.3 Closely Related Work

The key to interpreting the experimental results we present in chapter 4 lies in
understanding the dual-task paradigm. Additionally, some work — most notably in the
study and assessment of Parkinson’s disease — has addressed shortcomings similar to
those outlined for the FTT. In this section, we discuss dual-tasking and other work in

tapping most closely related to ours.
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2.3.1 Dual Task Paradigm

The dual-task paradigm consists of having participants perform two tasks separately, and
at the same time to determine whether there is interference between tasks. In particular,
performance on the individual tasks are compared to performance on the dual-task, and if
performance is degraded on the dual-task as compared to one or both individual tasks,
then we can infer some overlap exists in the required resources (e.g., cognitive) for both
tasks. Often when only one task is of interest, the second task is considered a distractor
task and the investigator only focuses on performance in the first task alone and under
dual-task.

This paradigm has been used extensively with motor tasks to study the role of
cognitive control of motor systems. For example, one study compared the difference in
stride velocity and stride variability between walking and walking while counting
backwards[102]. The study found that stride velocity decreased and stride variability
increased during the dual task — especially in older adults — and concluded that
cognitively demanding tasks can destabilize normal gait, which may increase the risk of
falls. Other studies have found similar results in cognitively impaired subjects when
counting backwards[26] or performing a working memory task[25]. One fMRI study
also looked at the role of attention to movement in finger tapping[82] and found that
tapping slowed during the attentional dual task (serial subtraction), although the main
purpose was mapping the brain regions modulated by the attentional task by monitoring
blood flow in the brain. Thus the change in tapping was not well characterized — only

slower mean tapping was reported.
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As will be described in more detail in chapter 4, our study uses a dual task
paradigm combining tapping with a variant of the so-called serial seven’s task of
counting backwards from 100 by 7s. This task is widely considered to be an attentional
task[103-106] (although calculation[107] and working memory[108] have also been
suggested to play a role in backwards counting). The dual-task methodology will be used
to investigate the role of attention in finger tapping from a behavioral viewpoint, which
will enrich studies such as [82] by providing a behavioral analogue of changes seen in
blood flow in the brain while also suggesting that finger tapping, like gait, may be more

cognitively complex than previously believed.

2.3.2 Overcoming Limitations of Tapping Tests

Several attempts have been made to make finger tapping tests or their analyses more
comprehensive in assessing disease states from healthy states. Most often, this is done by
proposing a new test or test variant that is more amenable to analysis or using new
equipment in the measurements (or both). One study proposed the use of an image based
motion analyzer to track finger movement and proposed a new score based on speed and
regularity of the movements that appeared to be useful for staging of Parkinson’s disease
patients in a small cohort[55]. Another group suggested using a time-frequency approach
to track the potentially non-stationary movement that can occur within a single finger
tapping trial[109] (although they did little more than demonstrate the approach on a few
single trials of data). Other groups have used magnetic sensors placed on the
fingers[110] or an accelerometer and touch pad sensor[54] for assessment of disease

severity in Parkinson’s.
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Another body of work has had substantially more success in clinical research.
One group proposed using a Musical Instrument Digital Interface (MIDI) keyboard to
measuring finger tapping on an alternating finger taping task, where a participant is asked
to alternate between striking one key with the index finger and one key with the middle
finger for the duration of the test. The task combined with derived performance measures
is called Quantitative Digitography (QDG), and it was shown to be sensitive to motor
control in idiopathic Parkinson’s [111]. In a follow up paper, it was demonstrated that
the velocity of finger movement had a strong, negative correlation with the Unified
Parkinson’s Disease Rating Scale part 111 (UPDRS Il [62], a measure of motor function)
score (faster finger movement during tapping is associated with better motor function),
and the coefficient of variation in the duration of the key press had a strong positive
correlation with the UPDRS IlI score, suggesting that more variability in tapping is
associated with poorer motor function in Parkinson’s[112]. Several other applications
followed including the quantification of bradykinesia (slowness of movement)[113-115]
and the study of the effectiveness of deep brain stimulation for relief of Parkinson’s
symptoms[116].

While these approaches provide a more comprehensive characterization of motor
function, they do not elucidate the underlying phenomenon of tapping. These approaches
also introduce new test methodologies that have not been widely used clinically, perhaps
due to the small “proof-of-concept” validation studies, lack of normative data, and need
for clinicians to acquire new equipment and learn to interpret and use the results from
these tests. In contrast, we instrumented a widely used neuropsychological test (the

Halstead Reitan finger tapping test) with a potentiometer to measure the angle of the
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finger tapping lever, which is proportional to lever position[65], and created a statistical
model that can be applied to the newly attained data. This permits researchers to
continue using an established test and the normed results, while benefitting from a more

complete characterization of the subjects’ performance.
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Chapter 3: A Statistical Characterization of the Finger Tapping Test:

Modeling, Estimation, and Applications

Daniel Austin, James McNames, Krystal Klein, Holly Jimison, and Misha Pavel

3.1 Abstract

Sensory-motor performance is indicative of both cognitive and physical function. The
Halstead-Reitan finger tapping test (FTT) is a measure of sensory-motor speed
commonly used to assess function as part of a neuropsychological evaluation. Despite the
widespread use of this test, the underlying motor and cognitive processes driving tapping
behavior during the test are not well characterized or understood. This lack of
understanding may reduce test sensitivity in clinical assessments intended to discriminate
between health and disease states because it ignores important aspects of the task such as
variability or fatigue. To overcome these limitations, we enhanced the tapper with a
sensor that enables us to more fully characterize all the aspects of tapping. This
modification enabled us to decompose the tapping performance into 6 component phases
and represent each phase with a set of parameters having clear functional interpretation.
This results in a set of 29 total parameters for each trial, including change in tapping over
time, and trial-to-trial and tap-to-tap variability. These parameters can be used to more
precisely link different aspects of cognition or motor function to tapping behavior. We
demonstrate the benefits of this new instrument with a simple hypothesis-driven trial

comparing single and dual-task tapping.
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A version of this chapter has been submitted to the IEEE Transactions on Biomedical

Engineering.

3.2 Introduction

Sensory-motor function is an important predictor of cognitive and physical function, both
of which are key indicators of an individual’s current and future health status. For
example, motor slowing in elderly patients has been shown to precede cognitive
impairment [8-10] and is a risk factor for future hospitalization [11, 12]. Motor speed has
also been linked to cognitive function [13, 14] and risk of future disability [15, 16].
Measured levels of motor dysfunction have been used to differentiate between normal
aging and different levels of dementia [17, 18]. Excessive motor speed asymmetry has
been seen in patients diagnosed with probable Alzheimer’s disease [19]. We note that
although the literature faults motor function, the observed functionality depends on
sensory and possibly cognitive functions [25-27].

One specific task often used to assess motor function in the clinical setting is
finger tapping. Various finger tapping tasks are routinely used in Parkinson’s disease
research [52-55], dementia research [23, 56, 57], and for aging and dual-task
experimentation [58-60]. The most commonly administered tapping task for
neuropsychological evaluations and diagnoses [63, 65] is the Halstead-Reitan Finger
Tapping Test (FTT) [66], which is widely used to detect both motor and cognitive
impairments [1]. The test is scored as the average number of times a patient depresses a
key with his or her index finger during five 10-second trials on a manual finger tapper,
which is treated as a measure of motor speed. Each hand is tested separately. The test

nominally consists of 5 tapping trials, but will continue until either the counts on 5 trials

25



are within 5 of each other or 10 trials are administered [1]. Variants on the basic
instructions have been reported.

Despite the widespread use of the FTT, it suffers from two main drawbacks. First,
the reported outcome is a single number for each trial, which is then averaged across
trials. No information about tap-to-tap variability, trial-to-trial variability, or slowing
during a trial is measured. However, recent research suggests that measures unrelated to
tapping speed, such as variability and accuracy, are related to cognitive ability [22-24],
and may be more sensitive to cognitive change than absolute speed. Second, the
underlying phenomenon of tapping is not well understood. In particular, results linking
finger tapping to sensory, cognitive or physical function have been correlational in
nature, linking some measure of finger tapping performance, such as absolute speed [9,
17, 18, 52, 56, 64], to function or a disease state with no specific link elucidated between
finger tapping and the specific cognitive and motor components underlying it.
Understanding how performance on the tapping task is related to motor and cognitive
abilities could improve the sensitivity of the task as a diagnostic tool.

Several studies have proposed methods to address shortcomings such as these [54,
55, 75, 117] in other areas of research, primarily by utilizing novel tests or measurement
apparatuses to measure motor function more accurately or comprehensively. For
example, a MIDI keyboard has been used to assess several characteristics of tapping,
such as velocity and dwell time on the tapping key, during an alternating finger tapping
task in Parkinson’s disease patients [111, 112]. While these approaches provide a more
comprehensive characterization of motor function, they do not elucidate the underlying

phenomenon of tapping. These approaches also introduce new protocols that lack
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historical publications and familiarity. For these reasons, new tests are often slow to be
adopted clinically and it often requires many years before sufficient validation,
understanding, and familiarity lead to widespread adoption.

To explore the phenomenology underlying tapping, we instrumented the widely
used neuropsychological finger tapping test (FTT) with a potentiometer to measure the
angle of the finger tapping lever, which is proportional to lever position [65]. We then
model and characterize tapping based on a decomposition of the recorded tapping
movement into six different phases that may be related to different aspects of cognition,
perception, and motor ability. This permits researchers to continue using an established
test and the normed results, while benefitting from a more complete characterization of

the subjects’ performance.

3.3 Methodology

3.3.1 Instrumentation

The finger-tapper was constructed by John Hunt (OHSU) as an exact replica of the Reitan
Neuropsychology Laboratory manual tapper (www.reitanlabs.com). A potentiometer was
installed on the shaft of a VVeeder-Root brand counter (model 0727235-002). The angular
displacement of the potentiometer then represents the angular displacement of the
counter, while requiring a negligible additional force in relation to the counter. The wiper
arm of the potentiometer was connected to a USB-1208FS DAQ (Measurement
Computing, Norton, MA) to sample the voltage at a (user programmable) sampling
frequency of 512 Hz. Matlab R2012a was used to record from the device and perform

subsequent analyses described below. The voltage measured at the potentiometer is
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proportional to the angular position of the finger tapping lever, and is converted to
degrees to represent the deflection of the lever from the resting position (the top position
of the lever). The length of the lever is one inch from the shaft to the tip, and has a
maximum arc length of 45°. A minimum arc length of 40° is required to add one count to
the mechanical counter. In the conversion from voltage to degrees, we set the top lever
position as 0° and the bottom lever position as -45°, thus the resulting measurements are
the angle of deflection of the lever from the top position. The hardware is shown in

figure 3.1. Further details can be found in [118].

3.3.2 Model

Our statistical characterization of tapping is based on decomposing the tapping task into a

set of non-overlapping component parts, or phases of tapping. The underlying model of

tapping performance is based on these phases occurring in a specific order with

(idealized) instantaneous switching times between phases. We then characterize each

phase with a set of parameters that represent metrics of performance (e.g. time intervals),

thus producing a parametric model of tapping. The six phases of tapping are as follows:

1. Initial Reaction time (IRT), the time from when the tapping task begins to when
tapping starts.

2. Down transition (DT), the time during which the finger drives the lever from the top
position down to the bottom position.

3. Down dwell (DD), the time during which the lever is depressed.

4. Up transition (UT), the time during which the finger releases the lever and returns to

the top position.
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Figure 3.1. A close up of the instrumented replica of the Halstead-Reitan manual finger
tapper. The cover has been removed to show the internal electronics.

5. Up dwell (UD), the time during which the lever has been fully released.
6. Incomplete tap (IT), during which the lever is either not fully depressed or not fully
released.
The normal flow of tapping consists of the following phase transitions:
IRT-DT—-DD—UT—UD..., with DT->DD—UT—UD— repeating until the task
stops. Note there is only one reaction time phase for each trial. Taps are considered
incomplete when either the down dwell or up dwell phases are skipped, indicating the
task was not performed correctly. Figure 3.2 shows a segment of raw tapping data and
the start of different phases (the phase is considered to last until the beginning of the next
phase) for a participant who performed a 10 second tapping trial. As can be seen from
figure 3.2, partitioning the signal into phases allows determination of the time, or

duration, spent in each phase over the course of a trial.
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To characterize the individual component phases of tapping, we represent each by
a random variable that represents the duration of time spent in that phase of tapping,
except for IT. For simplicity, IT is characterized by the number of occurrences. The IT
phase is treated differently for two reasons. First, time spent in the IT phase can vary
depending on how many taps in a row are performed incorrectly. Second, this phase does
not always occur in a tapping trial. We also explicitly model the tapping cycle, TC (a
sequence of DT>DD—UT—UD), as a random variable representing the sum of the

durations of time spent in each of the (sequentially performed) component phases.

3.3.3 Algorithms — Tapping Segmentation
Before we can statistically characterize a person’s finger tapping, the tapping signal from

each trial must be segmented into the different phases. To do so, we estimate the start and
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Figure 3.2. Finger tapping data (gray line) with the start of each of the phases described in
the text: initial reaction time (IRT; circle), down transition (DT; upside down triangle),
down dwell (DD; triangle), up transition (UT; square), and up dwell (UD; diamond).
Incomplete tap (IT) is not depicted.
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end of each phase for each tapping trial, and then estimate the durations as the time
between the estimated start and end points. This consists of several steps, but the main
idea is to find the best estimates of the start and end times for the UD and DD phases
based on thresholds of the device (top and bottom lever positions), then label the
durations between these phases as incomplete, motor down, or motor up based on a
simple set of rules identifying the phases.

The segmentation algorithm has several steps. The angular position signal is
represented as S, where k is the sample index. The algorithm first estimates the upper and
lower thresholds, 6y and 6., respectively, from sx by finding the most frequently
occurring signal value in the top half (upper threshold) and bottom half (lower threshold)
of the signal range. This is done by constructing a histogram with the number of bins
equal to the number of samples in a finger tapping trial, and identifying the histogram
peaks corresponding to the largest and smallest values. Because the analog to digital
converter discretizes s, the largest number of samples of the same value occurs when the
tapping lever is at the device top and bottom, confirming the validity of the histogram
method. In addition to the upper and lower thresholds, a noise tolerance 6y is calculated
as:

Oy = max(0.018°, min(max(sk) — 6y 6, — min(sk))) (3.2)
where 0.018° is an empirically chosen level for the minimum noise threshold. After
estimating the thresholds, each s¢ potentially belonging to the UD and DD phases are
identified as

UD ifSk > HU - 91\]

Sk €{ppifs, < 6, + Oy (3.2)
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The next step ensures all individual samples falling within the previously
classified UD and DD phases are correctly classified. Any unclassified samples falling
between two UD samples with no DD samples in between that are also separated by less
than 19.5 ms, are classified as UD. An analogous step is performed to search for
unclassified DD samples. This smoothing mitigates classification errors from (3.2) due to
noise, where the 19.5 ms sample was determined empirically from early pilot data from
two instrumented tappers. The classification of UD and DD phases is finished by refining
the start and end points by up to one sample, to make sure that they coincide with
crossing the device thresholds, 8y and 6., and are not affected by noise. The start point of
each set of points labeled UD is removed from the set if the tapping signal derivative, s’k
> 0 and s¢ < @y, as this set of conditions corresponds to detecting the start of the UD
phase too early. An analogous set of checks is used to refine the end points of all UD
phases, and start and end points of the DD phases.

At this point, all signal samples corresponding to the UD and DD phases are
labeled. To label the remaining phases, we iterate sequentially through the signal and use
the following rules (ignoring unlabeled points): 1) if UD is followed by DD, the
unlabeled time from the end of the UD phase to the start of the DD phase is labeled as
DT, 2) if DD is followed by UD, the unlabeled time from the end of the DD phase to the
start of the UD phase is labeled as UT, 3) the time from the first sample to the first DT
phase is labeled as IRT if no other phase has been labeled in between, and 4) everything
else is labeled as IT. Figure 3.2 shows an example of applying this algorithm to the first
second of tapping data from one trial of tapping. Once the data is partitioned into phases,

the durations of each phase are calculated as the difference in end time and start times.
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3.3.4 Algorithms — Session Analysis
Given a characterization of the individual movements, it is possible to analyze the
detailed performance of each individual subject over the course of trials and for the entire
session. This is important in order to assess move-to-move variability as well as learning
and fatigue effects. Our statistical analysis is based on two additional assumptions. First,
we model any changes that occur over the duration of the trial as linear. This assumption
IS appropriate because any changes in duration that occur during a 10 s trial are gradual
relative to the variability from tap to tap; nonlinear trends are not apparent and difficult to
estimate. Second, we assume the durations are Gaussian random variables with a
potentially small amount of impulsive noise contamination. The impulsive noise part of
the second assumption models incorrectly segmented phases and phenomena such as
attentional lapses, which occur infrequently and result in isolated instances of
uncharacteristically slow or fast phase durations. These outlier data are identified and
removed via an iteratively re-weighted least squares[119] approach: each set of phase-
trial data is robustly regressed onto time, and data points whose residual from the
regression is greater than 1.5 times the interquartile range of the residual distribution, are
removed. By assuming a normal distribution, the form of the phase densities is
constrained, facilitating estimation. We model the time course of durations in each phase
and across trials using a mixed effects model [120], comprising a combination of fixed
average population effects and random trial-specific effects:

yij = (b +b) +t(m+m;) + &; (3.3)
where y;; is the jth duration of a phase for the ith tapping trial, t is time during the trial, b

(offset) and m (slope) are the fixed effects representing the average tapping behavior
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independent of trial number. Each phase is modeled and fit separately. The trial-specific
offset and slope, b; and m;, are random effects representing trial-specific effects, and are

drawn from a Gaussian distribution:

e (B, %) o4

The noise component
&~ N(0,6.%) (3.5)
is also drawn from a zero-mean Gaussian distribution. The statistical model described by
(3.3)-(3.5) can then be estimated via maximum likelihood or other methods [120] in
readily available software packages. Further, most packages report whether the entries in
the covariance matrix in (3.4) are statistically different than O (or this can be readily

computed from the output of most statistical packages), which indicates whether the

300
o 1
o0 o v 2
280 ° A 3
° 4
Fi
260
>
3
§ 240
B
5
a
A
220 e
A AL
200 |- Wy, A =, Vg v, 8
— Vv, 5, A"
v A
180t r r r vr r r r r @ r r
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 3.3. Raw data (symbols) and best fit lines (solid traces) for tapping cycle duration over
four finger tapping trials (trial number represented by shades of gray and symbol style) as
well as the population line (“fixed effect line”; thick black).
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random effects can be omitted from the model and the fixed effects can be estimated with
the pooled estimator (pooling all the samples into a standard linear regression). An
example of raw tapping cycle data and the linear fits described by (3.3) for a participant
who completed four tapping trials is shown in figure 3.3.

The parameters estimated from the model characterizing each phase of tapping
and the tapping cycle are b, m, op, om, and o, Each has an intuitive physical
interpretation: b represents the average phase duration at the beginning of a trial, m
represents change in phase duration over the period of a single trial, oy, represents trial-to-
trial variability in starting duration, oy, represents trial-to-trial variability in change over
the period of a single trial, and o, represents tap-to-tap variability (as each phase happens
once per tap). In addition to these 25 parameters (5 parameters for each of 4 phases and
TC), we also calculate the average and standard deviation of the IRT phase, Wrr and orr,

which serves as a measure of central processing speed. Finally, we also calculate the

Table 3.1. List of all 29 finger tapping Test parameters (SD is standard deviation).

Phase Parameters Description

Tapping Dic, Mic, Optcr Omites Initial duration, slope, SD of average across trials,

Cycle . SD of slope across trials, SD of residuals.

DT bor, Mpr, OyoT, Initial duration, slope, SD of average across trials,
Gm,DT> Oc.DT SD of slope across trials, SD of residuals.

DD bbb, Mpp, 6y.0p, Initial duration, slope, SD of average across trials,
Om,pD> O:DD SD of slope across trials, SD of residuals.

uT bur, Myr, o, Initial duration, slope, SD of average across trials,
OmuUT»> Oc.UT SD of slope across trials, SD of residuals.
bup, Mup, GyuD, Initial duration, slope, SD of average across trials,

ubD : . ’
Om,ub> O:UD SD of slope across trials, SD of residual.

IRT HIRT, OIRT Mean, SD across trials.

IT KT, o7 Mean, SD across trials.
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average and standard deviation of the number of incomplete taps, Wt and oy, which
serves to measure adherence to the task. Altogether, a total of 29 parameters characterize

a set of tapping trials for a subject. These are summarized in Table 3.1.

3.4 Example

One practical application of the proposed characterization is that it allows for
substantially more precise inferences about tapping than can be made using the average
number of taps, which is the current clinical standard. To demonstrate this, we performed
a small pilot study to investigate fatigue during tapping and the effects of attention on
tapping. Eleven subjects were recruited from among the students and staff at the Oregon
Health & Science University (Portland, OR, USA) to perform a series of eight tapping
trials. This study was approved by the OHSU institutional review board. Four of eight
trials simply required subjects to tap. The remaining four trials required subjects to tap
under a dual-task condition where subjects were asked to simultaneously count
backwards by seven from a number randomly selected between 100 and 110. The
backwards counting is a variant of the commonly used ‘“serial-sevens” task which is
considered to be a measure of attention [108]. In the dual-task condition we seek to
reduce the amount of attention available for the tapping task. Subjects performed the
tasks in alternating order with 75 seconds of rest between each trial. Subjects were
instructed to tap as quickly as possible during tapping only trials and to tap as quickly as
possible while counting backwards as quickly and accurately as possible during dual-task
trials. We intended for subjects to put equal emphasis on performing each task well. The

entire experiment took approximately 10 minutes per subject.
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In addition to recording tapping with the instrumented tapper, we also recorded
the number of taps completed in each trial as is done during typical clinical
administration of this test. Data from one subject was completely excluded for not
following instructions tap as fast as possible. Two subjects had their fourth trial of each
condition excluded for late starts. This left 38 trials each of tapping only and dual task
across 10 subjects.

After characterizing each subjects’ tapping data, we tested several research
hypotheses we made prospectively about fatigue during tapping and the relationship
between tapping and attention, which we describe in more detail below. We used both
count data recorded from the manual tapper (the clinical test scores) and various
parameters from the statistical characterization of tapping, described in more detail
below. In the analyses that follow, the statistical tests used to test our research
hypotheses are t-tests if the data are approximately normally distributed (assessed via
Lilliefors’ test for normality and inspection of histograms), and Wilcoxon signed rank
tests [121] otherwise. Both these tests assess whether there is a difference in central
tendency between groups or when compared to 0. Statistical significance was assessed at
the 5% level.

First, we tested the hypothesis that subjects slow during tapping trials. This cannot
be determined by clinical test administration and scoring. We tested our hypothesis by
determining whether the mean slope of the fixed effects for tapping, me, across subjects
was greater than 0 using a one-sided t-test. We tested tapping only and dual-task

conditions separately, and found that, in both cases, the slope was positive and
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Table 3.2. The results of hypothesis testing: tests 1-5 are paired t-tests; 6 - 9 are paired
Signed Rank tests.

. Effect Standard Degrees Test

Hypothesis . of p value
size error Stat
freedom

1) Subjects fatigue 22ms/s  0.68 9 325  0.00500
within tapping trials.
2) Subjects fatigue
within dual task trials. 3.0 ms/s 0.45 9 6.7 0.00004
8) FTT score is lower in 3.6 0.86 9 414 0.00130
dual task.
4) Tapping cycle is 106 ms 5.04 9 209  0.03300
slower in dual task.
fgsl'(RT isslowerindual 555 0o 7948 9 38 0.00200
6) DD is slower in dual 749 ms ) ) 15 011621
task.
7) UD is slower in dual 774 ms i i 15 011621
task.
§) PTisslowerindual  gog5ms - . 27 050000
?gSET is slower in dual 0.42 ms ) ) 24 0.38477

significantly different than 0, indicating slowing. We also found a more robust slowing
during dual-task, as shown in table 3.2 (tests 1 and 2).

Next, we tested the hypothesis that attention modulates tapping by slowing both
reaction time and tapping speed. We first compared whether the clinical score (average
number of taps) was lower (indicating slower tapping) under dual-task condition than
during tapping only. We used a one-sided paired t-test, and found that the average
number of taps recorded was 3.6 fewer during the dual-task condition. This difference
could have been caused by slower reaction time, slower tapping speed, or both. To test
our research hypothesis, we tested (statistically) both the difference in initial reaction
time, Wwrr, and the difference in average tapping cycle speed defined as by+5my (the
initial speed plus the slope halfway through the test) between task conditions. Both tests
were conducted using one-sided, paired t-tests. We found both components of tapping

were significantly slower during dual task, which indicates that the slowing is due to both
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slower task initiation and slower average tapping, thus confirming our hypothesis as
accurate.

The last research hypothesis we made regarding the effect of attention on tapping
was that attention would differentially affect some of the phases of tapping. As attention
IS an aspect of cognition, we hypothesized that both dwell durations, DD and UD, would
be affected by the dual-task condition, as this appears to be where cognition would play
the largest role during the tapping cycle. In particular, the dwell durations consist of
sensing the top/bottom of the tapping lever followed by initiating a motor command to
move the finger in the opposite direction. On the other hand, we hypothesized that the
transition times, UT and DT, would not be affected by the dual task as they are simple
motor functions: driving/releasing the lever is done via a simple flexion/extension of the
finger. To test the dwell-duration hypothesis, we tested (statistically) whether the initial
values of the dwell phases, bpp and byp, were slower in dual task compared to tapping
only. We completed analogous tests for bpr and byr. All four tests were done using a
paired one-sided signed rank test. We found that, while not reaching significance
(p=0.116 for both), the dwell durations showed a trend towards slowing, while the
transition times appeared not to change, as shown in table 3.2 (tests 6-9). This is also
shown in Fig.3.4, where the tapping only data has been plotted against the dual task data
for each of the four hypotheses 6-9. For hypothesis 6 and 7, the majority of the data lie
above the x=y line suggesting a decrement in performance, whereas the data for
hypotheses 8 and 9 cluster on or near the x=y line suggesting no difference. Based on the

p-values and Fig. 3.4, it appears the lack of significance for dwell durations (hypotheses
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Figure 3.4. Scatter plots of raw data for dual task dwell times plotted against tapping only
(FTT) dwell times for the four repeated phases of tapping in experiments along with the x=y
line for reference (solid black).

6-7) was likely due to the small number of subjects used in this pilot study and the loss of

statistical power by using a non-parametric test.

3.5 Discussion

In our study, only 2.9 outliers were removed per trial on average, out of an average of 39
durations per trial. This suggests a small proportion of contamination due to poor signal
segmentation, attentional lapses, or other unmodeled effects. During model fitting, this
contamination was enough to leverage the parameter estimates and required removal for

the mixed effects model’s distributional assumptions to hold. The purpose of the model is
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to capture the general character of a person’s tapping behavior, so the removal of a small
portion of points inconsistent with this general behavior is justified. However, in some
patient populations, the number of outliers may be large or the data distributed in a way
that violates some of the distributional assumptions of the model. For these cases, the
model can be fit with robust methods [122]. Additionally, in certain other cases the
outliers themselves may be informative, in which case they can also be represented in the
tapping characterization.

The tapping characterization consists of 29 parameters, which is large compared
to the single count outcome currently used clinically from the same test. However, each
of the parameters has a clear physical and neuropsychological interpretation covering a
different aspect of the tapping process, making each parameter potentially useful in
clinical diagnosis or research investigations. Further, not all parameters need to be used
or even estimated in every investigation. For example, studies of fatigue may only require
estimation of the slopes. The variety of parameters that can be used to characterize the
tapping is precisely the advantage of the proposed approach over a single clinical score.
There are several outcomes that have been linked to lower tapping scores spanning the
range from cognitive deficits to adverse health outcomes [8-16]. However, it is unclear
what aspect of tapping is causing the lower scores in each case, or which is/are most
sensitive to cognitive decline or poor health outcomes. Our characterization of tapping
overcomes this by explicitly allowing investigators to study different aspects of tapping
that are specific to patient populations or interventions. Further, our characterization of

tapping includes parameters describing trial-to-trial and tap-to-tap variability, which may
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be more sensitive to detecting cognitive change [22, 24] than absolute measures, such as
average number of taps.

The model described by (3.3) is very general and can be changed to account for
phenomena not included here that may be important in certain cases. For example, our
experimental paradigm gives fixed and lengthy rest periods between tapping trials in a
cohort of healthy adults. As a result, there is no reason to expect slowing over
consecutive trials. However, in certain populations this may be an important aspect of the
model, especially in populations who may fatigue and not fully recover between
consecutive tapping trials. This systematic effect of trial order can be added to the model
by adding additional terms, such as slopes and/or offsets, to account for this ordering. In a
test scheme with little to no rest between trials, we may propose that the model should be:

yij=b+b +ic)+tm+m; +id) + ¢; (3.6)
where the parameter c represents an offset that is trial dependent and d represents a slope
that is trial dependent. Other phenomena not considered here may also be included by
adding parameters to (3.3) or deriving additional measurements from the raw tapping
data.

In addition to the advantages of the proposed tapping characterization, there are
also some shortcomings. First, the proposed methodology is more expensive due to the
additional instrumentation and computer that are required to collect the data. Second, the
distributional assumptions for the mixed effects model must be satisfied for the model to
give meaningful estimates of the 29 parameters estimated in this framework. Third,
special software is required to analyze the data. We believe that the advantages of the

proposed approach significantly outweigh the disadvantages.
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3.6 Summary

In this paper, we presented a novel adaptation of the Halstead Reitan Finger Tapping
Test; one of the most commonly used neuropsychological assessments. This approach is
based on decomposing a tapping signal recorded from an instrumented manual tapper
into different, non-overlapping phases that may be related to different aspects of
cognitive and motor function. We provided algorithms to segment and estimate a total of
29 parameters that characterize tapping, while also suggesting how other aspects of
tapping may be incorporated into the model. We also gave a detailed example
demonstrating how this type of characterization can be used to test specific hypotheses
about the relationship between tapping and attention, and also to investigate the effects of
fatigue. We further outlined the benefits and shortcomings of the proposed approach with
specific emphasis on the ways in which the approach can be used to make inferences that

cannot be made by the current clinical testing methodology.
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Chapter 4: The Role of Attention in the Halstead Reitan Finger
Tapping Test

4.1 Abstract

The Halstead-Reitan finger tapping test has long been considered to be a simple test of
motor speed. Despite this consensus, the test has repeatedly been linked to cognitive
function, future cognitive decline, and the diagnosis and staging of neurodegenerative
diseases. Despite the numerous connections between finger tapping and cognition, the
findings have been correlational in nature, linking some aspect of performance — such as
speed of tapping — with cognitive function or decline. As a result, it is unclear whether
the declines in tapping performance are related to declines in motor function coinciding
(or preceding) declines in cognitive function, or whether the cognitive declines
themselves are modulating tapping performance. More generally, it is unclear whether
and to what extent cognitive function plays a role in simple repetitive finger tapping
during the finger tapping test. Recently, a new statistical characterization of tapping was
presented that decomposed the tapping task into different physical components that
appear to be mostly influenced by cognitive or motor function. In this paper we use this
new characterization with a dual-task paradigm (attentional dual task) in a cohort of
elderly patients to study the role of attention — one domain of cognitive function — on
finger tapping. We find that specific phases of tapping, called dwell phases, are sensitive
to reduced levels of attention while other phases of tapping, called transition phases, are

not. These results suggest both that finger tapping is a cognitively demanding task, and
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that different physical aspects of finger tapping can be linked independently to cognitive

and motor function.

4.2 Introduction

Finger tapping is generally considered to be a simple motor task with minimal cognitive
involvement[28, 68]. Many different finger tapping tasks exist and are routinely used in
studying movement disorders [52-55], dementia research [23, 56, 57], and for aging and
dual-task experimentation [58-60]. A finger tapping task is also included in the motor
subscore (Part 111) of the assessment of the Movement Disorder Society-Sponsored
Revision of the Unified Parkinson’s Disease Rating Scale[62] and is often used in
neuropsychological testing[1, 63]. Despite the perception of tapping as a simple motor
task, it has also been widely linked to sensory and cognitive function [9, 17, 18, 52, 56,
64]. However, these results have all been correlational, linking some measure of finger
tapping performance, such as absolute speed [9, 17, 18, 52, 56, 64], to function or a
disease state with no specific link elucidated between finger tapping and the specific
cognitive and motor components underlying it. As a result, the underlying interplay
between cognitive, sensory, and motor function is not well understood.

By far the most commonly administered tapping task for neuropsychological
evaluations and diagnoses [63, 65] is the Halstead-Reitan Finger Tapping Test (FTT)
[66], which is widely used to detect both motor and cognitive impairments [1]. The FTT,
also called the finger oscillation test[67], is considered to be a relatively pure task of
gross motor speed[68, 69] (although it has been suggested that the FTT is affected by

alertness, attention, problems with task initiation, and general slowing of responses[1]).
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The FTT is scored as the average number of times a patient depresses a key with his or
her index finger (each hand is tested separately) during 5 trials on a manual finger-
tapping device, where each trial lasts 10 seconds. The test nominally consists of 5
tapping trials, but will continue until either the counts on any five trials are within five of
each other or 10 trials are administered[1], although variants on the basic instructions
have also been reported[70].

While FTT is sensitive to cognitive decline[9, 76] and neurodegenerative
diseases[23, 57], it lacks specificity[75] as multiple conditions can cause similar changes
in overall tapping performance. Further, it is unclear whether the reduced performance in
tapping in neurodegenerative diseases, such as Alzheimer’s disease, is truly a result of
motor slowing or whether cognitive declines associated with the impairment are directly
affecting test performance. In general, the underlying interplay between cognitive and
motor function during tapping is not well understood. @A more comprehensive
understanding of how the tapping task is related to an individual’s motor and cognitive
abilities (and changes in these abilities over time) could improve the specificity of the
task as a diagnostic tool, for example in distinguishing between different
neurodegenerative diseases, by understanding how certain disease states manifest in the
physical process of tapping..

Recently, a new statistical characterization of finger tapping was presented that
decomposes the task of tapping into a set of distinct physical components, or phases of
tapping[123]. In this chapter, we use this characterization of tapping with a dual-task
paradigm to examine the role of attention on tapping in an elderly cohort. Among other

things, we find that certain phases of tapping that appear to be predominantly related to
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sensory perception and task switching, called dwell phases, are sensitive to attention
while other phases of tapping that appear to be predominantly influenced by motor
function, called transition phases, are not. In particular, we find that when we reduce
attention available to the tapping task with a dual task paradigm, the dwell phases of
tapping to become slower and more variable when compared to tapping only. In contrast
to prior studies, these results demonstrate a possibly causal relationship (in that we can
cause changes in tapping performance by reducing attentional resources). In particular,
we reduce avaliable cognitive resources (predominately attentional, as defined by the
resources required to perform the “serial seven’s” task[103-106]) with a dual task and
then measure a coincident change in tapping behavior in a specific and independent
aspect of the physical process of tapping. This further demonstrates that the FTT is a
cognitively demanding task and provides the first results in what we expect to be a

comprehensive characterization of finger tapping as a complex cognitive and motor task.

4.3 Methods

4.3.1 Subjects

Twenty subjects were recruited from a cohort of 33 subjects who were enrolled in a
health coaching study. The Oregon Health & Science University’s institutional review
board approved this study (IRB #00007466). Mean subject age was 80.5 years with a
standard deviation of 8.33 years, 10 subjects were female, 17 were Caucasian, 3 were
black, and 2 were left-handed by the Handedness Inventory[124]. Average education
was 14 years (SD 3.14 years). No subjects were demented as measured by the clinical

dementia rating scale[125] (CDR=0 for all participants). All subjects had a
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comprehensive neuropsychological examination within a year of recruitment for our
experiment.  The details of the neuropsychological examination are described
elsewhere[126]; we describe the neuropsychological data used in this study below. Each
subject was compensated for their time (approximately 15 minutes) with a $25 gift card.
One subject tapped two or fewer times during all four dual task trials and was excluded
from the analysis due to insufficient data (our model of tapping cannot be fit with so few

data points), leaving data from 19 subjects for comparison.

4.3.2 Experimental Design

Subjects were asked to complete a series of four experimental blocks consisting of three,
ten second trials in each block. Each block consisted of one FTT trial with the dominant
hand, one trial of backwards counting by seven from a number randomly selected
between 100 and 110 (no numbers were repeated within subject trials), and one dual-task
trial of tapping while backwards counting. The tapping task was performed using an
instrumented manual finger tapper designed as an exact replica of the Reitan

Neuropsychology Laboratory manual tapper (www.reitanlabs.com), described in detail

elsewhere[118] (see also below). The backwards counting task was a slight variant of the
so-called “serial seven’s” task where subjects were given a random number between 100
and 110 to count from. This was used to reduce memorization and learning effects
during the eight total counting trials. This task is considered to be an attentional
task[103-106] (although calculation[107] and working memory[108] have also been

suggested to play a role in backwards counting). This task was chosen because it can be
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performed on the same time-scale as an FTT trial (10 seconds) and uses an auditory
response, which is less likely to confound the motor task than another motor response.

Subjects were randomly assigned to one of two starting groups. Ten subjects
started with the counting only task and the remaining ten with the tapping only task. The
last task for all subjects in each block was the dual-task to allow subjects to do both
single tasks in each trial before attepting the more challenging dual-task. The tasks were
all explained and demonstrated for each subject prior to beginning the first experimental
block, and subjects were encouraged to use the manual tapper and count backwards prior
to beginning the experiment. The time between tasks was set so that 75 seconds elapsed
between each tapping trial - whether tapping only or dual task — to reduce sensorimotor
fatigue. All tasks were initiated visually using custom software written in Matlab
(MATLAB Release 2012a, The MathWorks, Inc., Natick, Massachusetts, United States).
The operating system used was Windows 7, which is not a real-time operating system
and can introduce additional variability in the specific start time of the task. As a result,
there is some additional variability — on the millisecond level — in when the task started,
but each task was recorded for 10 seconds.

Before each trial, a fixation point (a large X) was displayed on the screen for 3
seconds. After 3 seconds were up, a large “GO!” (for the tapping only task) or number
between 100 and 110 was displayed (dual-task and counting only), which served to alert
the subject to initiate the appropriate task. Instructions were given between each trial
about which task would be performed next. When tapping, subjects were instructed to
tap as quickly as possible with the dominant hand. During counting, subjects were

instructed to state the number shown on the screen and then to count backwards from this
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number by 7’s out loud as quickly and accurately as possible until the task was over.
During the dual-task condition, subjects were instructed to tap as fast as possible while
simultaneously counting backwards as fast and accurately as possible, with the additional
instruction to put equal emphasis on each task. These instructions combined with the
short 10 second trials helped mitigate the effects of test strategy on the task (e.g., pacing
versus an all-out approach), although subjective instructions such as this can increase
variability between subjects. The task ended when the “GO!” or number was removed
from the screen. A video camera was used to capture auditory counting responses and to

record the motion of the hand during tapping.

4.3.3 Data
Several data were collected for this experiment. Demographic information was collected
from the subjects prior to the experiment (age, gender). Custom Matlab software
collected a voltage proportional to the angle of the shaft on the manual finger tapping
lever at a rate of 512 Hz during the tapping tasks, which was processed to estimate a set
of parameters that characterize tapping[123]. Auditory recordings for all counting tasks
(counting only or dual-task) were annotated into a list of numbers corresponding to
subjects counting responses. The number of taps counted by the manual tapper (as used
clinically) for all subjects and all counting trials were recorded.

Additionally, several neuropsychological variables from each subjects’ most
recent neuropsychological evaluation were gathered. Three common and widely used
measures of attention and processing speed were collected — trail making test part

A[127], digit span forward[128], and digit symbol test[129]. An attention “z-score” was
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constructed as the average of normalized versions of each of these three tests—
normalized with respect to the group specific mean and standard deviations of the
ISAAC[126] cohort at baseline enrollment. Additionally, a global cognitive z-score —
providing a summary estimate of a person’s overall cognitive function — was calculated
from 13 neuropsychological tests spanning the range of cognitive domains: executive
function, working memory, attention/processing speed, memory, and visuospatial. We
also used the time to walk 30 feet as a measure of motor function. All analyses of the
data presented below used the bootstrap[130] to calculate significance (the p-value for
statistical tests and correlations) as the data (except for the z-scores) described in this
section are not well approximated by normal distributions and non-parametric methods
may reduce statistical power for the added distributional generality. More specifically, p-
values were estimated as follows — 10,000 bootstrap replicates (each the same size as the
original data set) were constructed by randomly sampling with replacement from the
original data. The test statistic is then calculated for each replicate (e.g., the correlation
coefficient), the empirical distribution of the test statistic is approximated from these
bootstrap replicated test statistics, and the p-value can be estimated from the empirical
distribution.  Further description of this procedure can be found in many places, for

example chapter 16 of[130].

4.3.4 Statistical Characterization of the FTT
Recently, a characterization of the FTT was proposed and validated that decomposes the
physical process of tapping into non-overlapping component parts, and models these

parts separately in a statistical framework. A full description is available elsewhere[123];
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here we give a summary for completeness. The proposed characterization provides
parameters for within and across trial characterization of cycle time (CT; time to
complete a finger oscillation), initial reaction time (IRT — the time from when the tapping
task starts to when the subject starts tapping), down transition (DT — the time to fully
depress the lever), down dwell (DD — the time between when the lever is completely
depressed until it is first released), up transition (UT — the time to fully release the lever),
and up dwell (UD; the time between when the lever is fully released and when it is first
depressed again). IRT is characterized by the mean and standard deviation across trials,
whereas CT, DT, DD, UT, and UD are all characterized by initial values (the duration of
the phases at the start of the task), change over time (a linear slope characterizing average
change within trial), and tap-to-tap variability in the duration (a standard deviation
describing how much left over variability exists after fitting a line to the data). These
parameters allow investigation of finger tapping during the FTT at a microscopic level
previously unavailable. Hypotheses involving specific aspects of tapping as outlined

below are tested using the parameters provided by this new characterization of tapping.

4.4 Results and Discussion

4.4.1 Prospective Hypotheses

The design of this study was driven by three main research hypothesis that were
investigated prospectively with a set of 11 statistical tests. The first hypothesis was that
tapping would be faster when only tapping compared to the dual task, as measured
clinically (by FTT score). This was tested with a one-sided, paired difference bootstrap

test on the tapping scores. The second hypothesis was that both task initiation (IRT) and
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true speed of tapping (CT) would be slower during the dual-task condition compared to
tapping only. Both of these were also tested with one-sided, paired difference bootstrap
tests on the mean IRT and mean CT, respectively.

The last hypothesis was that the physical aspects of tapping that appear to be most
heavily related to cognitive processing[123] (DD and UD) would be slower in the dual-
task compared to tapping only whereas the physical aspects of tapping that appear to be
most heavily influenced by motor function (DT and UT) would not be slower. This
research hypothesis was tested with eight statistical tests broken into two sets of four
tests. The first set of four tests examine this research hypothesis at the beginning of the
tapping tasks with one-sided, paired difference bootstrap tests on the initial values for
DT, DD, UT, and UD, respectively. The second set of four tests examine this research
hypothesis at the midpoint (or average; calculated as the initial value plus half of the

linear change over the course of the test) of the tapping tasks — when fatigue or learning

.
| atrention | 7] Sensory
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Figure 4.1 Diagram of finger tapping task decomposition (black) into initial reaction time,
motor (down/up transition phases), and sensory components (down/up dwell phases). Red
blocks and numbered red arrows show the hypothesized way attention modulates tapping.
We hypothesized and found that attention increases variability and slows sensory
perception, and also slows processing speed, but does not modulate time spent in movement
as indicated here.
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effects may have come into play — with one-sided, paired difference bootstrap tests on

the average values for DT, DD, UT, and UD, respectively. Our hypothesized process

model demonstrating our hypotheses and potential alternatives is shown in figure 4.1.

The test number, description and results for all 11 prospective tests are shown in

table 4.1. Tests 1-5, 8, and 9 in table 4.1 are considered significant at the 5% level if the

p-value is smaller than a Bonferroni correction for seven multiple comparisons (p <

0.0071). Tests 6, 7, 10, and 11 are considered significant if they reject the null

hypotheses at the uncorrected 5% level (p < 0.05). We corrected for seven comparisons

instead of eleven because tests 6, 7, 10, and 11 are consistent with our research

hypotheses if the null are not rejected. As a result, we do not seek to make the null more

Table 4.1. Results of prospective hypothesis tests. For tests 4-11, in addition to the effect
size the proportion of change is shown (average change divided by average tapping only
duration) to aid in interpreting the results.

Test Null Hypothesis / Description Effect Size p value
Tapping is not faster (score is higher) in tapping task
1 than dual task 14.199 taps <0.0001
2 Inlthl reaction time is not longer in dual task than 811.27 ms <0.0001
tapping task

3 tCa)sllile duration is not longer in dual task than tapping 62.936 ms <0.0001
" Lo : 20.601 ms

4 Initial Down Dwell duration is not longer in dual task (27.16%) <0.0001
- L . 18.862 ms

5 Initial Up Dwell duration is not longer in dual task (29.36%) 0.0030
" L . 5.744 ms

6 Initial Down Transition is not longer in dual task (11.69%) 0.1734
o S . 5.4476 ms

7 Initial Up Transition is not longer in dual task (7.29%) 0.2512
.- . 18.736 ms

8 Average Down Dwell duration is not longer in dual task (26.77%) <0.0001
N . 14.239 ms

9 Average Up Dwell duration is not longer in dual task (20.01%) 0.0161
L . 5.9515 ms

10 Average Down Transition is not longer in dual task (12.46%) 0.0036
S . 4.527 ms

11 Average Up Transition is not longer in dual task (6.25%) 0.1529
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difficult to reject for these tests, as this would unfairly bias the results in our favor.
Research hypotheses one and two are confirmed by the results in table 4.1 (test 1-
3). Slower tapping during an attentional dual task has been reported elsewhere with a
different tapping task[82], thus our results for the first research hypothesis are consistent
with and support the prior literature[123]. The positive results of the second research
hypothesis, which is untestable from the current clinical method for scoring tapping,
suggest that attention modulates the task in different ways—it slows task initiation and
interferes directly with the physical process of finger tapping. This result.is important
because it suggests that tapping is sensitive to diminished cognitive resources, but still
does not elucidate whether the slowing is general or specific to certain aspects of tapping.
The results for tests 4-11 in table 4.1 help further determine the role of attention in
tapping. The first set of tests, tests 4-7, demonstrate that when the task starts, the dwell
phases of tapping are significantly slower during dual task (between 27-29% slower
during dual task with respect to tapping only) while the transition phases of tapping were
not changed by the attentional task. However, at the test midpoint this relationship does
not quite hold (tests 8-11) as the UD phase becomes marginally non-significant against
the Bonferroni correction and the average DT phase becomes significantly slower in dual
task. Further, the p-value for the average UT phase has lowered, suggesting it may reach
significance in a larger sample size. Despite this, the effect size as a percent change in
transition phases is only 6-12% whereas it is 20-26% for the dwell phases, suggesting a
larger effect on the dwell phases than tranistions, even if it is not as clearly delineated by
the statistics as at task intiation. This suggests that the robust effect of attention only in

the dwell phases of tapping becomes diluted as fatigue and learning effects (represented
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as linear slopes in the tapping characterization[123]) modify initial performance.
However, the clear and robust results demonstrating the selective modulation of attention
on the dwell phases of tapping during task initiation demonstrate that the phases of
tapping that appear to predominately utilize cognitive and sensory resources are affected
by diminished attention while the phases that appear to most heavily use motor resources
are not affected. Specifically, the dwell phases in tapping at the start of the task are
robustly sensitive to attentional resources (as measured by serial seven’s), demonstrating

that tapping is substantially more cognitively demanding than previously thought.

4.4.2 Post-Hoc Analyses

After analyzing the data prospectively, we identified 15 additional hypotheses to test
post-hoc to further elucidate the relationship between tapping, attention, cognitive
function, and motor function. The large number of post-hoc tests results from the fact
that this type of data has never before been available, thus this section describes
exploratory analyses designed to discover strong novel relationships in the data, and
weaker relationships that may be confirmed in future studies. As with the prospective
tests, we use the Bonferroni correction for an experiment wide 5% error. For 15 multiple
comparisons, the correction gives p < 0.00333 to be considered statistically significant.
All tests/correlations were done using the bootstrap — correlations are Pearson
correlations for linear relationships — and all p-values reported are 2-sided. These tests
also naturally break into groups characterizing different aspects of tapping which are
listed with the results in table 4.2. All variability measures are standard deviations. Tests

1-5in table 4.2 used data from all 19 subjects, tests 6-15 used data from 18 subjects (one
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subject’s neuropsychological test scores were missing and the subject was therefore
excluded).

We first sought to determine whether variability in tapping speed was different
between tapping only and the dual-task condition. The results indicate that variability on

a tap-to-tap basis was significantly different and more than twice as large in the dual task
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Figure 4.2 Scatter plot of neuropsychological tests (attentional z-score, digit span forward,
and digit symbol, respectively) against the proportion of dwell times along with the best fit
line. These data represent post hoc experiments 6-8 and show the trends towards
significance in the negative correlations between proportion of dwell times and the
neuropsychological tests (longer dwell times are negatively correlated with attention).
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test condition than during tapping only, but that neither variability in initial tapping speed
nor variability in the change in tapping speed (both calculated across trials) differed
significantly between the tasks (tests 1-3, table 4.2). This suggests that reduced attention
increases variability in each tap, but does not increase variability in performance across
trials.

We then analyzed the differences in counting performance between the counting
only trials and the dual task trials. We found that during dual task, participants tended to
give the correct counting response 10% less often than during counting only, and also
tended to follow the directions (reading the number shown on the screen at the beginning
of the task, before commencing counting) about 10% less often (tests 4-5, table 4.2),
although neither result quite reached statistical significance.

Next, we sought to determine whether the proportion of time spent in the dwell
phases of tapping during tapping only correlated with clinical tests of attention. This was
driven largely by the fact that the dwell phases of tapping appear to be sensitive to
attentional resources as demonstrated prospectively. As outlined above, there are three
main tests of attention in addition to the composite attentional z-score (higher is better)
used in our cohort. The scores used as measures of attention are: digit span forward
(higher is better), digit symbol (higher is better), and trails making part A (lower is
better). While none of the correlations reached significance, we found that the calculated
correlations for three of the measures of attention were in the expected direction as shown
in Fig. 4.2 (tests 6-8, table 4.2). Trail making A did not seem to be associated at all with
the proportion of time spent in the dwell phases of tapping. We also investigated the

correlation with a global (cognitive) z-score calculated from a composite of domain
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specific z-scores. The calculated correlation was in the expected direction (larger z-score
corresponds to “better” cognitive function) but was small and failed to reach significance
(test 10, table 4.2).

We then looked at the relationship between the dwell phases of tapping and gait,
calculated as the time to walk 30 ft. We found that neither proportion of time spent in the
dwell phases of tapping nor larger tap-to-tap variability were associated with time to walk
(tests 11-12, table 4.2).

Next, we looked at whether variability in the dwell phases of tapping was
different during dual task than tapping only and whether variability in the transition
phases was different during dual task than tapping only. We found that variability during
the dwell phases of tapping was moderately greater in dual task — just missing
significance with the Bonferroni correction — but that the variability in the transition
phases did not differ between task conditions, strengthening the prospective result that
time spent in the dwell phases of tapping is sensitive to attention (tests 13-14, table 4.2).
That is, both duration and variability in the dwell phases are sensitive to attention, but
neither is sensitive to attention in the transition phases of tapping. The last relationship
we looked at was whether the variability in the dwell phases of tapping are correlated
with the attentional z-score. We found a small to moderate negative correlation,
suggesting that increased variability is associated with poorer attention, although this did
not reach significance (test 15, table 4.2).

4.4.3 Further Discussion
Taken together, the results of the prospective and post-hoc analyses demonstrate the

importance of the dwell phases of tapping as sensitive measures of the attentional
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Table 4.2. Results of post-hoc analyses. DT is dual task, ST is single task (tapping only or
counting only as the description indicates), and NP is neuropsychological. Group means are
not reported for correlations.

DT Group ST Group

Test Null hypothesis/Description Mean Mean

Effect Size p-value

Tap-to-tap variability is not greater in dual task

1 - 29.917ms  13.882 ms 16.09 ms 0.0012
compared to tapping only.

5 In_ltlal_ tapping (cyclle) speed variability across 47161ms  23.432 ms 23.7ms 02736
trials is not greater in dual task than tapping only.
Variability of change in tapping speed (slope)

3 across trials is not greater in dual task than 23594 ms  1.2664 ms 1.0946 ms 0.3610
tapping only.
The proportion of correct responses during

4 backwards counting is not smaller in dual task 0.7029 0.8049 -0.1015 0.0138
compared to tapping only.

5 Backwards counting task-adherence is not worse 06528 0.7407 -0.0881 0.0636

in dual task compared to tapping only.

There is no correlation between time spent in
6 dwell phases of tapping and attentional z-score - - -0.3197 0.1286
(NP composite score).

There is no correlation between proportion of
7 time spent in dwell phases of tapping and digit - - -0.2749 0.3366
span forward test.

There is no correlation between proportion of

8 time spent in dwell phases of tapping and digit - - -0.2734 0.1546
symbol test.
There is no correlation between proportion of

9 time spent in dwell phases of tapping and Trails A - - 0.0475 0.8284
test.

There is no correlation between proportion of
10  time spent in dwell phases of tapping and global - - -0.1030 0.5888
(cognitive) z-score (NP composite score).

There is no correlation between the proportion of
11 time spent in the dwell phases of tapping and gait - - 0.1252 0.6880
speed (time to walk 30 ft.).

There is no correlation between tap-to-tap
12 variability and gait speed (time to walk 30 ft.). ) ) 0.0770 0.6296

The variability in the dwell phases of tapping is

13 not greater in dual task than tapping only.

31.448 ms 23.97 ms 7.4247 ms 0.0096

The variability in the transition phases of tapping 15.943

14 is not greater in dual task than tapping only. ms

13.109 ms 2.8313 ms 0.1494

15 The variability in the dwell p_hases of tapping is ) ) 0.2783 01502
not correlated with the attentional z-score.

resources required for tapping. These analyses also demonstrate that the transition phases

of tapping are unaffected by diminished attentional resources. This is intuitively
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appealing as the transition phases of tapping appear mostly to require pure motor function
(flexion/extension of the finger to drive the tapping lever) whereas both dwell phases
appear to require mostly sensory and cognitive functions (e.g., sensing the finger leaving
the lever at the top or sensing/reacting to the lever stopping at the bottom position
followed by issuing a new motor command for the finger to begin going in the opposite
direction). Besides demonstrating the interplay between attention and certain aspects of
tapping, this further suggests that finger tapping is a cognitively demanding task, which
flies in stark contrast to the popularly held belief that it is a simple motor task with
minimal cognitive demands[28, 68]. Further, a recent study on Parkinson’s disease
showed that the equivalent of what we call transition phases were sensitive to motor
function[112]. Taking these results together suggest that by monitoring different aspects
of tapping, we may be able to independently assess both motor and cognitive function.
However, the interpretation of the results comes with some caveats we discuss here.

First, we used a slight variant of serial seven’s as the attentional task. As outlined
above, this task is widely considered to be a measure of attention[103-106] but it has
been suggested that calculation[107] and working memory[108] also play an important
role. As a result, it is possible that the effect of attention on the dwell phases of tapping
are confounded by calculation and/or working memory. This does not invalidate the
main result that tapping is a cognitively demanding task, but future studies are needed to
investigate potential effects of calculation and working memory on tapping.

Second, many of the post-hoc tests did not reach significance. Part of this is due
to the aggressive conservatism of the Bonferroni correction combined with the large

number of post-hoc tests, and part of this is because we designed the experimental
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paradigm to test the prospective hypotheses, not the post-hoc tests. However, some of it
was also likely because the neuropsychological examinations were not given at the same
time as the experiment. In particular, the neuropsychological examinations were only
guaranteed to be given within one year from the administration of the experiment, and the
time between the experiment and neuropsychological exams varied across subject. This
additional heterogeneity in the data combined with a relatively small cohort may have
weakened the results of some of the post-hoc tests, and future studies are needed to
determine whether the results of the post-hoc tests are repeatable or become significant in
larger and more controlled experiments specifically investigating these other
relationships.

Some additional potential confounds are the inability to determine whether
subjects’ test strategies (e.g., going all out from the beginning or pacing) changed from
the single tasks to the dual tasks, whether the strategies were the same across subjects,
and whether subjects followed the directions. Our analyses assume that test strategy
remained constant, were the same across all subjects, and that all subjects followed
instructions to the best of their ability. This allowed us to attribute change in
performance to change in the cognitive resources available to the task. The instructions
issued to the subjects prior to task administration attempted to mitigate these potential
confounds, and the fact that both tapping and counting performance were diminished
during dual task suggests that subjects were following instructions and using the same or
similar strategies, but we could not directly measure the subjects’ task strategies or task

adherence.
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4.5 Conclusion

In this paper, we demonstrated that the Halstead-Reitan finger tapping test, a task largely
considered to be a measure of simple motor speed, has a substantial attentional
component. This was shown by identifying specific physical aspects of finger tapping —
the dwell phases — that are sensitive to the reduction of attentional resources, while also
demonstrating that the transition phases are not sensitive to reduced attention. This
suggests a substantial and specific cognitive component underlying the tapping task,
whereby the sensory components of tapping are differentially modulated by attention and
the motor aspects remain unaffected. This result combined with a study using a similar
tapping task in Parkinson’s disease that showed the equivalent of what we call transition
phases were sensitive to motor function[112], suggest that finger tapping may be
independently and simultaneously able to assess both motor and cognitive function.
While these results are promising in demonstrating the importance of attention in finger
tapping, we expect that future work will further characterize the underlying interplay
between motor and cognitive resources during the test, which may increase sensitivity
and specificity in the diagnosis and staging of neurodegenerative and other diseases

states.
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Chapter 5: Measuring Motor Speed Through Typing: A Surrogate for
the Finger Tapping Test

Daniel Austin, Holly Jimison, Tamara Hayes, Nora Mattek, Jeffrey Kaye, and Misha

Pavel

5.1 Abstract

Motor speed is both an important indicator and predictor of cognitive and physical
function. One common assessment of motor speed is the finger tapping test (FTT), which
is typically administered as part of a neurological or neuropsychological assessment.
However, the FTT suffers from several limitations including infrequent in-person
administration, the need for a trained assessor and dedicated equipment, and potential
short term sensory-motor fatigue. In this paper we propose an alternative method of
measuring motor speed with face validity to the FTT that addresses these limitations
based on measuring the inter keystroke interval (IKI) of familiar and repeated login data
collected in home during subject’s regular computer use. We show significant
correlations between the mean tapping speed from the FTT and the median IKIs of the

non-dominant (r=0.77) and dominant hand (r=0.70), respectively in an elderly cohort of

This work was originally published by Springer
Behavior Research Methods, Volume 43, Issue 4, pp. 903-909

Reprinted with permission
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subjects living independently. Finally, we discuss how the proposed method for
measuring motor speed fits well into the framework of unobtrusive and continuous in-

home assessment.
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5.2 Introduction
Sensory-motor speed is an important predictor of cognitive and physical functionality,
which are some of the key determinants of individuals’ well-being. For example, motor
slowing, as indicated by finger tapping speed and walking speed measurement, have been
shown to precede cognitive impairment in the elderly [9], and slow motor speed has been
shown to be a risk factor for fractures during falls [11]. One common assessment of
motor speed is the finger tapping test (FTT). The FTT is frequently used as part of a
neuropsychological examination to detect both motor and cognitive impairment [1]. This
test is typically scored as the average number of times a patient can depress a key with
their index finger (each hand is tested separately) on a manual finger tapping device in 10
seconds. The test nominally consists of 5 tapping trials subject to the constraint that
either the counts on all trials are within 5 of each other or no more than 10 trials are
administered [1]. Under this procedure, extra trials are administered only if the first
condition is not met, although there are many other variants described in the literature.

The FTT and similar tests have been used for assessment of slowing of
movement related to aging in general [64, 131, 132] as well as in a number of medical
conditions including in stroke [133], essential tremor [61], and Alzheimer’s disease [56,
57]. This type of testing may be especially useful in high risk patient populations, such as
patients with mild cognitive impairment who are at greater risk to convert to Alzheimer’s
disease [76, 134] or elderly who are at increased risk for many adverse outcomes.

Despite the utility and successful application of the FTT, the test still suffers from
several short comings. First, because the test is performed with an in person assessor, the

test is usually administered infrequently — typically no more often than once every 6
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months, and frequently a year or more passes between assessments. Second, a trained
assessor is required to administer the standard test using a stopwatch and manual finger
tapper; using alternative computerized tapping test apparatus still requires an assessor to
instruct the test volunteer. As a result of the first limitation, the FTT cannot reliably
detect motor changes at the time of onset or distinguish between acute changes and
slower changes that have occurred over time. Further, when a change is detected
between two visits, it is difficult to determine whether this was caused by inherent test
performance variability between the two examination dates or whether there has been a
true change in motor function. The requirement for an in-person test administrator on
repeated examinations adds to the expense of administering the FTT and also introduces
concerns with inter-rater reliability [74]. There has been some attempt to standardize the
FTT into a computer-based test [77, 78] that would solve the inter-rater issues, but the
computer-based methods still require trained personnel to give the test and do not solve
the issue of infrequent measurements. In addition to these shortcomings, the results of
FTT confound motor ability with short term fatigue, which is especially noticeable after
several trials. Finally, the FTT itself is not a natural task, i.e., we do not normally perform
tapping movements, which limits its everyday or ecological validity.

In this paper we propose a surrogate for the finger tapping test based on
monitoring the inter keystroke interval (IKI) of repeated computer login data and
validate this measure in a group of 22 elderly subjects who live alone and are monitored
remotely and unobtrusively in their homes. Specifically, we compare the relationship
between the average tapping speed calculated from the FTT scores (denoted as Tgrr) of

both dominant and non-dominant hands with the median IKI from the keystrokes
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executed while entering over-learned and familiar sequences such as the user name string
typed during each computer login. Prior research suggested that typing familiar words,
e.g. words with a high frequency of occurrence, is much faster than typing low frequency
words or random letters [135, 136]. By minimizing the cognitive load and keyboard
search time during the execution of these over-learned sequences, we hypothesized that
median IKIs are a potentially valid measure of raw motor speed. The action of typing
also has face validity in that the flexion and extension of the finger required to depress
and release a key is similar to that required to depress and release the lever on the manual
finger tapper board. Additionally, with more and more people owning personal
computers and laptops, collecting IKI data can be as simple as installing a software key
logger onto a patient’s personal computer with known login sequence or providing a
patient with a computer that has software already installed. This new approach offers a
low cost measure of motor speed with reduced subject burden. In addition, repeated
measures in a natural environment allow us to measure within subject trends over time
and potentially detect problems much earlier than traditional methods. This ultimately
may facilitate continuous assessment of high risk patients and frequent and widespread

assessment of subjects in clinical trials with reduced cost and objective measurements.

5.3 Method

Our subject pool consisted of the computer arm of the Intelligent Systems for Assessing
Aging Changes (ISAAC) cohort of 225 elders living in homes and retirement
communities in the Portland, Oregon (USA) metropolitan area. The overall ISAAC study

and cohort is described in more detail elsewhere[126]; our description will consist only of
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the details related to computer use and the data inclusion criteria for the subjects used in
the present analysis. Subjects who lived alone and who used their computer frequently
during a 28 day window centered on the date of their in-person administered FTT
assessment were considered for inclusion. To ensure that sufficient keystroke data were
available for analysis, we further required that subjects had entered at least 80 characters
of user name data during the 28 day window centered on the associated FTT date. This
corresponds roughly to the requirement that the subject login to the computer on at least
half of the days in the data window (mean user name length was 5.7 characters, 80/5.7 is
approximately 14 logins). These criteria ensured that the key capture data obtained from
the subject’s login belonged to the subject and that there was enough data to calculate a
reasonable measure of central tendency of IKIs near each FTT date for comparison.

One final exclusionary criterion was used as a method for outlier identification
based on the residual error from the linear regression (described in more detail below).
We identified as outliers those data points with the 95% confidence interval on the
residual as not containing 0. One data point (and thus one subject) was identified as an
outlier. Further investigation revealed that the subject associated with this data point had
a transient ischemic attack within a few days of the FTT assessment and thus the
relationship between the median IKI over the 28 day interval and the average tapping
speed was affected by this event. As a result, we removed this subject from the analysis.

Of the 225 subjects fully enrolled in the ISAAC study (164 female, 61 male), 115
were living alone since the beginning of the study (103 female, 12 male). Of these 115,
13 did not receive a study computer as they opted to use their own. While we were able

to install some software unrelated to the present analysis on these 13 subjects’ personal
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computers, the key logging software was not installed. This left a total of 102 subjects
from which we identified 22 who met the exclusionary criteria described above and
whose data was included for the present analysis. Most of the excluded subjects were
excluded due to the lack of a sufficient amount of computer login data within the window
for comparison with the FTT. Since the ISAAC study is a natural history study of
activity and computer use monitored unobtrusively overtime to detect normative
cognitive and motor change with aging, no attempt was made to encourage subjects to
use the computer more frequently than their normal patterns dictated. While requiring
that a certain amount of login data fall within a window of an FTT examination is
necessary to validate the proposed methodology, we note that in practice this is not
required. In the ISAAC cohort, 40% of the subjects are daily computer users and almost
all use the computer on a weekly or monthly. As a result, the proposed method can be
employed on most subjects in our cohort even though the validation to the FTT can only
be demonstrated on the subset meeting the exclusionary criteria. All subjects were
consented in accordance with the IRB approved procedure. The mean age of the subject
population was 83.5 + 4.0 (SD) years and ranged from 73.4 — 89 years of age. Mean
education level was 15.8 £2.5 (SD) years and ranged from 12 — 20 years of education.
Twenty subjects were woman. Twenty subjects were right handed using the Handedness
Inventory.  All subjects were cognitively intact (no dementia or mild cognitive
impairment) with a Clinical Dementia Rating scale [125] score of 0. No subjects
possessed symptoms of Parkinson’s disease (as clinically assessed by a combination of
informant report, subject history, medical records, and observation) or stroke. Three

subjects were identified as having symptoms of depression within the last two years (also
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as clinically assessed by a combination of informant report, subject history, medical
records, and observation). At the start of the ISAAC study, all subjects who were unable
to independently compose and send email or who requested computer instruction
participated in a six session training program on basic computer use. Others who were
enrolled after the study began were provided with individual computer training. All
subjects had a personal computer provided in their home as part of the ISAAC study or
opted to use their own computer. All subjects had a computer in the home for at least
two years with the same login user name prior to the earliest computer data used in this

study.

5.3.1 The FTT and Test Administration

The FTT procedure used in this study was a slight variant of that described in the
Introduction. Instead of asking the subject to complete five trials, only three trials were
administered for both the dominant and non-dominant hands. Each trial consisted of the
subject placing their palm flat on the manual finger tapper with the index finger of the
hand under test placed on the lever. The subject was then instructed to tap as many times
as possible in a 10 second interval while a clinician timed the 10 second trial with a stop
watch. The manual finger tapper boards used were obtained from Reitan

Neuropsychology Laboratory (www.reitanlabs.com). The same clinician administered all

the tests. The FTT score is reported as the mean number of taps recorded during the three
trials, for each hand. In order for a direct comparison of the FTT with the inter keystroke

intervals (defined in the next subsection) we calculated the average tapping time, TgrT, as

TFTT _ 10 se;onds (5.1)
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where N is the number of taps recorded for the FTT.

5.3.2 Inter Keystroke Interval Collection and Preprocessing

The personal computer in each subject’s home was preloaded with computer software
developed by the Oregon Center for Aging and Technology (ORCATECH) that
presented a study-specific login screen and logged the timestamp and key pressed for
each keyboard event during the login. The inter keystroke interval (IKI) was defined as
the time interval between the initial contact of the first key to the initial contact of the
second key. From this set of data, we used only the assigned computer login user name
characters corresponding to a successful login event that were also typed without errors
(for example, mistyped user names where the subject needed to delete and retype some

characters were not included). Figures 5.1 and 5.2 show scatter plots of the IKI plotted
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Figure 5.1. User name login IKI versus date for one subject with highly variable times in
the 28 day window centered on the associated FTT test date.
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against date for two of the subjects. These two figures represent the extremes of the data
seen across our subject population. The data in figure 5.1 is from a subject who shows
large variability in IKIs whereas figure 5.2 shows data from a subject with much less and
more typical variability in keystrokes. The median of all IKlIs in the 28 day window
centered on the corresponding FTT administration date is the measure of central tendency

used for comparison to the average tapping time (Terr) for each subject.
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Figure 5.2. User name login IKI versus date for another subject with more typical
variability for the 28 day window centered on the associated FTT test date.

5.4 Results

Due to the face validity of the finger flexion and extension required to generate IKI’s
while typing highly repeated and over-learned sequences, we hypothesized a positive
correlation between the typing speed and average tapping time across subjects. To test
this hypothesis we regressed the Terr times for both dominant and non dominant hands

(separately) onto the median IKI, and calculated the Pearson correlation coefficient r. To
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assess the significance of the results we tested the one sided hypothesis that the
correlation is positive versus the null hypothesis that the correlation is not positive using
a Student’s t-test separately for both dominant and non-dominant hand. To further
quantify the value of the correlation coefficient we calculated confidence intervals using
the Fisher z transform method. All data analysis was done using Matlab version 7.6.0
(R2008a, The Mathworks Inc.).

Table 5.1 shows population means and standard deviations (SD) for both FTT
scores and mean tapping speed Terr (dominant and non-dominant hand), and median IKI
times. The regression line from the median IKI to the non dominant and dominant hand
Terr times are shown in figures 5.3 and 5.4, respectively. The correlation, p value from
the hypothesis test, and confidence intervals are shown in table 5.2. The calculated
values of correlation coefficient of 0.77 and 0.70 between the non dominant and
dominant hand, respectively, show that much of the variability in the Terr is explained by
the median IKI. In both cases, the hypothesis tests showed that the positive correlation
was significant at the 5% level (p<0.0001 and p<0.0002 for non dominant and dominant
hand, respectively). For further comparison we calculated the sample correlation
between dominant and non-dominant FTT in the entire 225 subjects of the ISAAC cohort
and tested significance at the 5% level. This correlation was 0.75 (p<0.0001), which is
close to the correlations between Terr and median IKIs for both hands. In the literature,
the test-retest reliability of the FTT has been reported to be between 0.58 and 0.93 [1]
over a variety of studies including both patient and normal populations. This places the
median IKI to Terr correlations firmly within the test-retest range of the FTT for both the

non-dominant and dominant hand.
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Table 5.1. Population mean and standard deviation (SD) for FTT scores and mean tapping
speed TFTT (for both dominant and non-dominant hand), and median IKI times.

Mean SD
FTT Dominant Hand (score) 39.7 8.2
FTT Non-Dominant Hand (score) 35.8 8.2
Trrr Dominant Hand (ms) 264 61
Terr Non-Dominant Hand (ms) 295.1 73.8
Median IKI (ms) 356.2 155.2

Table 5.2. Correlation coefficient estimate between median IKI time and TFTT for
dominant and non dominant hands, p value for hypothesis test of significance of positive
correlation, and 95% confidence intervals of the correlation estimates.

r p value 95% Confidence Intervals
Non-Dominant Hand 0.77 <0.0001 (0.516,0.90)
Dominant Hand 0.70  <0.0002 (0.395,0.866)
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Figure 5.3. Regression line (black dashed line) from the predictor variable, median IKI, to
the non-dominant hand average tapping speed (TFTT) calculated from the FTT for 22
subjects along with individual measurement pairs (black x) for each subject.
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Figure 5.4. Regression line (black dashed line) from the predictor variable median IKI to
the dominant hand average tapping speed (Ter1) for 22 subjects along with individual
measurement pairs (black x) for each subject.

5.5 Discussion
In this study, the median inter keystroke intervals of the memorized and frequently used
computer login user name was proposed as a measure of simple motor speed and
compared as a surrogate for the average tapping speed derived from the FTT score with
initial validation in an elderly subject population living independently. The results of the
correlation analysis were significant and show that the proposed method accounts for
much of the variability in the FTT across subjects. Further, the fact that the correlation is
within the range of the test-retest reliability for both the non-dominant and dominant
hands combined with the face validity of the typing motion suggests that the proposed
method has capabilities similar to the FTT for assessing simple motor speed.

The reason we selected the median as a suitable measure of central tendency -

instead of the mean, which is a more intuitive choice to compare with mean tapping
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speed — is because of the large variability in the IKI distributions of some subjects (such
as the one whose data is shown in figure 5.1). The median is much more robust to this
wide spread of data than the mean, and it was this robustness property that we desired in
an estimator of central tendency for this highly variable data. Further, since the support
of the distribution underlying this data is the positive real line there is a natural skewness
associated with the IKI distributions. Specifically, things such as pauses between letters
not associated with the motor aspect of typing (i.e., if someone sneezes or hears the
phone ring during the login sequence) will show up as slower IKlIs and cause outliers
only on one side of the distribution. The effect of these types of events is what we sought
to minimize with the median IKI as the measure of motor speed.

To understand the difference in correlation between the median IKls and the
dominant and non-dominant hand Terr times, we considered the keyboard placement of
the most commonly used letters that appeared in the user name character strings of the 22
subjects. Due to the well known property of the QWERTY keyboard where the most
common letters appear on the left side, any touch typist would use their left hand more
frequently than their right. While our subjects are not all trained typists, it is reasonable
to assume that many of the characters closer to the left hand are pressed by the left hand
even in non-skilled typing styles. Since 20 of our 22 subjects are right handed more of
the data used in our study was generated by the non-dominant hand which may account
for the better correlation between the median IKI and the non-dominant hand.

Although these results along with the similarity of typing and tapping show both
the accuracy and the face validity of the proposed method as a possible early screening

tool or surrogate for the FTT, the main advantage of this technique is in its ability to
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assess behavioral measures unobtrusively and frequently. In particular, the IKI data can
be collected unobtrusively in a subject’s or patient’s residence on a frequent basis without
the need for a trained assessor to administer testing. In contrast to finger tapping tests,
this type of assessment is not subject to inter-rater variability. As a result, within subject
trends in motor speed may allow us to detect problems much earlier than traditional
psychomotor tests. Changes in motor speed can be detected when they occur - either in
real time as part of a clinical alerting system or retrospectively through offline data
analysis and interpretation.  Further, intraindividual variability in motor function
manifested as variability in IKIs may themselves be an important indicator or predictor of
function [24]. This is something that is not currently collected as part of the FTT and
cannot be evaluated until many FTTs have been administered over many years. Thus the
proposed method would allow both short term and long term variability to also be
assessed. This issue of periodic and infrequent assessments has been discussed in the
context of dementia prevention trials [137] for assessment methods in general and
addressing these issues in commonly administered tests (such as the FTT) with in-home
monitoring may introduce new analysis tools and diagnostic aids for both researchers and
clinicians.

Despite the promise of the proposed method and the validity demonstrated in the
ISAAC cohort, there are some limitations. First, some of the uses of the FTT are based
on assessing differences in performance between hands such as when detecting the
presence of brain lesions [1]. The currently proposed method does not distinguish
between hands (or fingers) since we use the same predictor for both dominant and non

dominant Terr. Second, focusing only on the sequential depression of the same set of
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computer keys (user name string) greatly reduces the use of the wide variety of key
capture data that can be obtained over the course of monitoring computer sessions over
time. Additionally, the validation of the proposed methodology was conducted with
healthy elderly subjects who live independently. While these subjects are potentially at
high risk for adverse outcomes, generalization of this technique to other patient
populations across a wider age and demographic profile will require further studies.
Another apparent shortcoming of the proposed technique is the fact that unobtrusive
measurements are subject to significantly higher variability than those performed in
controlled environments. The results of the analysis presented in this paper suggest that
this variability is well compensated for by the very large number of samples. It is also
possible to speculate that the variability of the raw IKI data itself can be eventually used
for additional assessment of cognitive as well as motor functionality of continuously
monitored individuals [24].

5.6 Conclusion

In this paper we proposed a new method for assessing motor speed based on computer
inter keystroke intervals of highly learned and frequently repeated sequences and
demonstrated that the data collected using this method correlates well with the average
tapping speed derived from the FTT. The resulting significant correlation across subjects
suggests that the IKI measure is a useful alternative to the conventional FTT test
overcoming some of its limitations in current use. Moreover the IKI-based technique may
enable nearly continuous assessment and thereby be used for early detection of changes

in motor and related function. Since the IKI during regular typing can incorporate
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cognitive aspects of function, the IKI based approach may also provide sensitive,

unobtrusive measures of cognitive function as well.
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Chapter 6: Summary and Conclusions

6.1 Summary

One of the great challenges facing modern science is the ability to measure and make
direct inferences about cognitive processes and individuals’ cognitive function. Currently
cognitive function cannot be directly measured, thus there is a need for mechanisms
allowing inferences to relate cognitive processes to observations, such as those obtained
from measuring behavior. In this thesis we used computational modeling as an
overarching theme to drive our investigation into the relationship between cognitive and
motor function.

Motor function has repeatedly been shown to be an important predictor and
indicator of both cognitive and physical function. Motor slowing precedes cognitive
impairment, has been linked to cognitive function, and is associated with and predictive
of adverse health outcomes, such as risk of future hospitalization and disability. Among
other things, motor function has been wused for diagnosis and staging of
neurodegenerative disease, monitoring normal and pathological functional changes
associated with aging, and objective assessment of health status. Although the literature
implicates motor function for these relationships, the observed relationships likely also
depend on the sensory and possibly cognitive components of the measured motor tasks.

One of the most commonly used neuropsychological assessments of motor
function is the Halstead-Reitan finger tapping test (FTT). This test is widely considered
to be a measure of simple motor speed with minimal cognitive involvement, despite the
many studies linking speed or variability of tapping to a diverse array of sensory and

cognitive outcomes. This disconnect between the perception of minimal cognitive
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involvement during the FTT and the literature implicating the test with cognitive function
suggests a fundamental lack of understanding in the interplay of cognitive, sensory, and
motor function during tapping. Further, in spite of the importance of assessing motor
function with the FTT, the current clinical assessment methodology suffers from several
shortcomings including the infrequency of test administration, the need for a trained
clinician to administer the test, the confounding of sensorimotor fatigue on repeated trials
with minimal rest, and the lack of ecological validity of the test. In chapter 1, we
surveyed the importance and shortcomings of assessment of motor function and the FTT
in particular, and discussed the need for a comprehensive understanding of the role of
cognition during finger tapping.

In addition to neuropsychological assessment, several other uses for finger
tapping exist. Tapping tasks are used to measure the sensorimotor system’s ability to
coordinate, or synchronize, movement with perception in the study of what is referred to
as sensorimotor synchronization, or SMS. An unpaced tapping task is used to measure
spontaneous motor tempo — an individual’s preferred rate of tapping — which is thought to
be biologically determined and measures the speed of an internal clock. Various tapping
tasks have also been used in imaging studies with the intent to map out the cortical areas
of the human motor system. Some of these studies involve a dual-task paradigm, which
have extensively been used to determine both cortical regions implicated in — and
physical aspects of — cognitive control in the human motor system. Some studies have
attempted to overcome the shortcomings of tapping by utilizing new devices or test
methodologies, most notably for Parkinson’s disease research. Despite the success of

some of these approaches, many limitations remain or are introduced such as the lack of
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clinical validation for new procedures or devices and the lack of normative data to aid in
understanding test results. Further, none of these approaches addresses the fundamental
lack of understanding of the role of cognition in the various finger tapping tasks.
Research surrounding those areas closely related to our work were described in detail in
chapter 2.

In chapter 3, we described and validated a comprehensive statistical model for the
FTT. This model is based on decomposing the finger tapping task into five different,
distinct physical components, each of which appears to be most heavily influenced either
by sensory and cognitive function, or by motor function. Each of the four repeating
phases is independently characterized both within trial (over time) and across trial in a
mixed-effects model. The phases that do not occur regularly or repeatedly are
characterized independently by a mean and standard deviation (taken across trials). This
characterization results in a set of 29 parameters characterizing tapping, including such
features as: change over time, tap-to-tap variability and variability across trials, and
average values at task initiation for each of the phases. In addition to describing the
model, we provided applications to the measurement of within trial sensorimotor fatigue,
which cannot currently be measured clinically.

In chapter 4, we used the characterization of tapping to investigate the role
attention — one aspect of cognition — on finger tapping. We employed a dual-task
paradigm to reduce the amount of attention available during several trials of finger
tapping, and compared the performance during the dual task to the baseline levels seen
during a series of tapping only trials. The results demonstrated that the reduction in

attention caused by the dual task induced diminished (slower) tapping performance
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during the dwell phases of tapping only; the transition phases were unaffected. A series
of post-hoc tests rounded out this result by demonstrating an increase in variability in the
time spent in the dwell phases of tapping when attention is diminished. These tests also
further explored the relationship between motor and cognitive components during
tapping. The results in this chapter demonstrated that the FTT, despite being widely
perceived as a simple motor task with minimal cognitive involvement, is in fact a
cognitively demanding task. This further provides a basis for understanding the interplay
between attention, one domain of cognitive function, and the sensory and motor
components of tapping. Additionally, certain phases of tapping were shown to be
independently related to cognitive function, which — when combined with prior research
in a related task — suggests that the different phases of tapping may be able to provide
independent assessments of both motor and cognitive function from the same task.

In chapter 5, we argued for overcoming the shortcomings associated with
assessing motor function clinically by using typing at the keyboard measured
unobtrusively in the home setting as a surrogate for the finger tapping test. We argued
that the unobtrusive assessment of a naturalistic task has ecological validity and provides
an objective assessment of function, as keystrokes measured at the keyboard can be
measured with millisecond accuracy and thus does not suffer from issues with test-retest
reliability or inter-rater reliability. Additionally, we demonstrated how monitoring typing
continuously — that is, whenever it occurs — overcomes the problems associated with
infrequent clinical assessments, such as the inability to distinguish between abrupt and
slow changes, or to reliably evaluate baseline performance and estimate variability. We

further demonstrated the face validity of typing with tapping by arguing that the flexion
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and extensions used to type are the same as those used to drive the tapping lever during
the FTT. We supported these arguments with a quantitative assessment of the
relationship between typing and tapping by demonstrating the high correlation between
the speed of tapping and the speed of typing. These high correlations suggest substantial
overlap between the cognitive and motor resources underlying the tapping task and
typing on the keyboard in the home setting. In addition to overcoming the shortcomings
of formal, clinical assessment of motor function, monitoring motor function continuously
in the home setting allows for the detection of pathological declines of motor function
when they occur, thus facilitating detection and diagnosis of, for example,
neurodegenerative diseases, at the earliest possible time point. While we did not
explicitly demonstrate how the model for finger tapping could be used in typing speed
measurements, we believe that this can be done and will be an area of future work.
Specifically, highly overlearned typing sequences — such as those used to login to the
computer — appear to have minimal cognitive involvement and may become automatic
over time. This suggests that we may be able to measure motor speed with certain typing
speeds (akin to the transition phases), which may then be used to begin to disentangle the
potential slowing in typing due to increased cognitive load (akin to the dwell phases) —
such as from mental message composition during spontaneous (non-transcription) typing.

One main shortcoming with this work is that we did not explicitly demonstrate
that instrumenting the test leads to improved detection of cognitive or motor decline. In
particular, if the duration spent in UD and DD phases change for a pateint while the UT
and DT phases do not, the overall test score will be sensitive to this same change. Future

work is needed to investigate whether change in tapping performance caused by cognitive
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decline, neurodegenerative disease, and motor impairment can be detected with greater

sensitivity and distinguished with greater specificity using the proposed model.

6.2 Contributions

The combined work in this thesis provides three new results influencing basic science
and supporting new medical and diagnostic applications. First, we implicated substantial
cognitive involvement in the Halstead-Reitan finger tapping test; a test widely considered
to be a simple motor test with minimal cognitive involvement. Second, we increased the
understanding of the interplay between cognitive sensory, and motor function underlying
finger tapping. Third, we presented a novel approach to objective, accurate, and timely
assessment of motor speed through unobtrusive in-home monitoring, which may have
substantial application in early detection and diagnosis of neurodegenerative diseases.

The contributions described in this thesis leading up to these insights include:

e Developing and validating a novel characterization of the finger tapping test. This
characterization combines a decomposition of the physical process of tapping into
component phases and a statistical model to summarize these components both
inter-trial and across trials, resulting in a 29 parameter characterization of tapping.
Among other things, this decomposition allows detection and measurement of
fatigue and learning effects during the test, and allows independent assessment of
the different physical aspects of tapping. This may provide a more specific and

comprehensive picture of motor and cognitive function from a single test, while
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also potentially increasing specificity in diagnosing and monitoring the time

course of neurodegenerative and other diseases.

Characterizing the role of attention on the physical aspects of finger tapping.
Using a dual-task paradigm, we demonstrated not only that finger tapping is a
cognitively demanding task, but also assessed the role of attention on finger
tapping using a dual-task paradigm. Analysis of the experimental data showed
that certain phases of finger tapping, called dwell phases, slow down and become
more variable when the amount of attention available to the task is reduced. This
has two main implications for basic science. First, this shows that finger tapping
is a cognitively demanding task, despite the widespread idea that it is a simple
motor task with minimal cognitive involvement. Second, our work takes the first
steps toward discovering the interplay between sensory, cognitive and the motor

function during finger tapping.

Proposing and validating an alternative test strategy for measuring motor function
as currently assessed by the finger tapping test, by continuously and unobtrusively
measuring the speed of typing at the keyboard during normal, everyday computer
use. Moving the assessment of motor function into the home during everyday
activities promotes objective assessment of motor function and the continuous
monitoring of high-risk patient groups for declines associated with pathological
conditions such as neurodegenerative diseases. It will also increase the ability to

detect change when it occurs and therefore represents a methodology for the
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detection of disease at the earliest possible stages. Additionally, this methodology
promotes more frequent, longitudinal monitoring of age-related and other changes
in function. This methodology also may have applications in long-term clinical
trials requiring frequent and objective assessment of changes associated with, for

example, dementia or pain medication.

6.3 Conclusion and Future Work

The results presented in this thesis provide a comprehensive characterization of the role
of attention in finger tapping. More general, we present some of the first work towards
understanding the interplay between cognitive, sensory, and motor function in a tapping
task commonly considered to require little cognitive involvement. To support these
results, we developed and validated a new characterization of the physical process of
finger tapping, which allows investigation into basic physical components required to
finger tap. Future work will include characterizing the physical process of tapping in
neurodegenerative disease states, such as mild cognitive impairment and Alzheimer’s
disease, to promote improved accuracy and specificity in clinical diagnosis of these
diseases. Additionally, investigating the role of other cognitive domains — such as
working memory and executive function — will help provide a more comprehensive

picture of the role cognitive function plays in repetitive finger tapping.
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