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Abstract
Åhman, H. B. 2021. Timed Up-and-Go Dual-Task Tests for Early Detection of Dementia
Disorder. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1765. 75 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1270-5.

Dementia constitutes an important and growing public health concern. There is a need for new,
simple, and inexpensive methods to detect dementia disorders early in the disease progression.
For this purpose, dual-tasking, i.e., simultaneous performance of two tasks, has been proposed.

The overall aim of this thesis was to explore if Timed Up-and-Go (TUG) dual-task (TUGdt)
tests can be used for early detection of dementia disorder. Cross-sectional and longitudinal
designs were used. Participants were recruited when undergoing memory assessment at memory
clinics (patients) and through advertisements (controls). The TUGdt tests involved TUG
combined with the cognitive tasks a) naming animals (TUGdt NA) and b) reciting months in
reverse order (TUGdt MB). The tests were video recorded. Test outcomes were calculated using
time scores and/or verbal performances. Additionally, the data collection comprised clinical
tests and medical record reviews.

Paper I included 90 patients who had carried out lumbar puncture as part of the memory
assessment. By Spearman’s rank correlation, the TUGdt NA test outcomes “number of animals”
and “animals/10 s” correlated negatively to the cerebrospinal fluid biomarkers t-tau and p-tau,
suggesting that neurodegeneration is associated with dual-task performance. In Paper II, 298
patients and 166 controls participated. Logistic regression models showed that “animals/10 s”
and “months/10 s” discriminated significantly between dementia, mild cognitive impairment
(MCI), subjective cognitive impairment (SCI), and controls. Thus, TUGdt testing could be
useful in diagnostic assessments. Paper III involved 172 patients, initially diagnosed with MCI
or SCI, for whom diagnostic information was available after 2.5 years. Logistic regression
showed inverse associations between “animals/10 s” and dementia incidence, particularly
for patients <72 years (median age). For these younger patients, the predictive capacity of
“animals/10 s” was excellent. Hence, TUGdt NA has potential for predicting dementia from SCI
or MCI, particularly among younger patients. Paper IV included 166 controls for presenting
TUGdt reference values in age- and sex-specific groups, and 43 controls for test-retest reliability.
Reference values were calculated with quantile regression and may be useful in clinic and
research. Intra-class correlation coefficients showed excellent reliability for time scores, while
the other test outcomes were poor to good. “Animals/10 s” showed fair to good reliability despite
being a ratio of other variables, which negatively affects reliability.

In summary, TUGdt NA has the potential to be used for early detection of dementia disorder,
and the test outcome “animals/10 s” merits further evaluation.
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Introduction 

New methods to detect dementia disorders at an early stage in the disease pro-
gression are sought after [1]. Dual-task testing, i.e., tests involving concurrent 
performance of two tasks, has been proposed to be useful in this regard [2, 3]. 
In recent years, several different dual-task test designs have been explored but, 
at present, no consensus has been reached regarding how such a test should 
optimally be designed for detection of dementia disorders [4].  

This thesis involves evaluation of different aspects of measurement prop-
erties and presentation of normative reference for two versions of the Timed 
Up-and-Go dual-task (TUGdt) test. The results contribute to the knowledge of 
how dual-task testing could be used for early detection of dementia disorder. 

Dementia disorders 
Prevalence and incidence  
According to the World Health Organization, approximately 50 million peo-
ple live with dementia worldwide, and this number is expected to increase to 
152 million by 2050 [5].  

Globally, the prevalence of dementia is 5–8% in those aged ≥ 60 years [6]. 
The prevalence is generally reported higher among women than men, which 
is largely explained by women’s longer average life expectancy [7]. Every 
year, almost 9.9 million new cases of dementia are anticipated worldwide [8]. 
The rapid increase is driven by population aging in low- and middle-income 
countries [5]. In high-income countries the prevalence and incidence of de-
mentia appear to remain stable or be decreasing, possibly due to amelioration 
of public health [9, 10]. In Sweden, 130,000–150,000 individuals live with 
dementia, and every year 20,000–25,000 individuals receive such a diagnosis 
[11].  

Risk factors 
The strongest known risk factor for dementia is age, with prevalence doubling 
every 5 years after the age of 65 [6]. The age of 65 years and above is often 
used to define “older adults” [12], so also in this thesis. Although age is a 
strong risk factor, dementia is not necessarily a consequence of aging and does 
not only affect older people [8]. Other recognized risk factors for dementia are 
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lifestyle-related factors such as mid-life hypertension, low educational level, 
diabetes mellitus, and tobacco use [7-9]. Further potential risk factors include 
physical inactivity, obesity, unbalanced diets, alcohol misuse, mid-life depres-
sion, social isolation, cognitive inactivity [8], and non-modifiable genetic risk 
factors, e.g., apolipoprotein E ε4  (APOE ε4) [7].  

Diagnostic criteria and classification of diagnoses 
In this thesis, dementia is defined according to the Diagnostic and Statistical 
Manual of Mental Disorders-IV-Text Revision (DSM-IV-TR) [13], since 
these criteria were used by the memory clinics involved. The more recent edi-
tion of the manual (DSM-V), in which dementia is denoted as a “major neu-
rocognitive disorder,” was thus not used. To classify specific diagnoses, the 
International Classification of Diseases, Tenth Revision (ICD-10) was used 
[14].  

Types of dementia disorders – symptoms and treatment 
Dementia is an umbrella term for several disorders caused by different patho-
physiological processes, describing a stage at which the disease has caused 
symptoms that affect activities of daily living (ADL). The most common de-
mentia disorders are: Alzheimer’s disease (AD) (50–75% of cases), vascular 
dementia (20%), dementia with Lewy bodies (5%) and frontotemporal demen-
tia (5%) [15]. Alzheimer’s disease is generally a slowly developing neuro-

Definition of dementia according to the Diagnostic and Statistical 

Manual of Mental Disorders-IV-Text Revision (DSM-IV-TR) [13] 

A1. Memory impairment 

A2. At least one of the following: 

- Aphasia 

- Apraxia 

- Agnosia 

- Disturbance in executive functioning 

B. The cognitive deficits in A1 and A2 each cause significant impairment 

in social or occupational functioning and represent a significant decline 

from a previous level of functioning 

C. The cognitive deficits do not occur exclusively during the course of 

delirium 



 

 11

degenerative disease characterized by a progressive loss of synapses and neu-
rons, with accumulated amyloid-beta (Aβ) plaques and neurofibrillary tangles 
containing tau proteins [16]. In the early stages forgetfulness, reduced ability 
to form new memories for recent events and to find right words, along with 
impairments in problem-solving and decision-making are common symptoms 
[15]. Vascular dementia can be caused by both large- and small-vessel disease. 
The symptoms and time course differ due to the variability of lesions and lo-
cations [17]. Dementia with Lewy bodies is neuropathologically characterized 
by deposition of alpha-synuclein in the form of Lewy bodies and Lewy neu-
rites. The cognitive deficits develop gradually and are most noticeable in at-
tention, visuospatial, and executive functioning [18]. Frontotemporal demen-
tia is characterized by atrophy of the frontal and temporal lobes, with a varia-
ble protein pathology. The clinical subtypes of frontotemporal dementia cor-
respond to the specific areas of brain atrophy [19]. The pathophysiological 
processes of the described dementia disorders may overlap significantly [15]. 
When the underlying pathology causing dementia is not known, the term “un-
specified dementia” is used [14].  

There are ongoing intense research efforts to find treatments that could pre-
vent, delay onset, or slow the progression of AD by targeting different mech-
anisms [20]. Recently, a disease-modifying drug aiming at reducing Aβ 
plaques was approved for AD treatment in the United States. Although it has 
been shown that the drug successfully reduces the plaque burden, the clinical 
benefits are not yet established [21]. The only available pharmacological treat-
ment for dementia in Sweden today aims for symptomatic relief [7]. To im-
prove cognitive function – primarily for patients with AD – acetylcholinester-
ase inhibitors and memantine are the registered medications [15]. Supportive 
treatments for physical and psychosocial health are usually considered essen-
tial [7, 9].  

Cognitive impairment preceding dementia  
Possible stages preceding dementia, especially AD, have been identified [22, 
23]. Subjective cognitive impairment (SCI) and mild cognitive impairment 
(MCI) are the cognitive disorder diagnoses that may be forerunners of demen-
tia disorders. Figure 1 illustrates changes in cognitive function over time, in 
which SCI and MCI precede dementia. These cognitive disorders are not dis-
tinctly separated from each other from a clinical viewpoint, neither in time nor 
in symptoms. Each diagnosis may last up to decades. Although SCI and MCI 
are associated with future dementia incidence, the cognitive function may – at 
any point of time during these stages – cease to decline and remain stable (B 
and D in Fig. 1) or ameliorate to normal levels (A and C in Fig. 1). It should 
be noted that the trajectory of cognitive function in normal aging does not 
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necessarily decline as depicted in the figure, since there are considerable indi-
vidual differences [24]. 

 
Figure 1. Diagram illustrating possible changes in cognitive function over time in nor-
mal aging and in stages of subjective cognitive impairment (SCI), developing into 
mild cognitive impairment (MCI), and further to dementia. The arrows represent pos-
sible trajectories: A) reversion from SCI to normal cognition, B) remaining stable in 
the SCI stage, C) reversion from MCI to normal cognition, and D) remaining stable 
in the MCI stage. The figure was inspired by Sperling 2011 [25].  

Subjective cognitive impairment 
The earliest stage in a potential dementia development, SCI, denotes a subjec-
tive experience of cognitive decline, without the presence of cognitive impair-
ment as indicated by established tests [23]. The prevalence of SCI is reported 
to be between 17% and 50% among older adults [26, 27]. The large variation 
in prevalence is most likely explained by different interpretations of the diag-
nostic criteria, such as controlling for the presence of an objective cognitive 
impairment [23, 27]. At memory clinics, approximately one fourth of new as-
sessments result in SCI [28]. Subjective cognitive impairment as a foregoing 
stage before MCI and dementia is considered to constitute subtle changes in 
cognition that the individual perceives before the impairment is detectable ob-
jectively [29]. However, a subjective cognitive decline is in many cases 
caused by other underlying conditions, such as depression or psychosocial 
stress, and may not be related to a progressive cognitive impairment leading 
to dementia [30-32]. Overall, in 5 years, around 11% of cases with SCI de-
velop dementia [33]. The progression to dementia may occur without any in-
termediate diagnosis; however, the deterioration is usually slow, with MCI 
being the transitional phase between SCI and manifest dementia. The annual 
conversion rate from SCI to MCI is approximately 7% [33].  

Mild cognitive impairment 
As opposed to SCI, the diagnosis of MCI entails an objective, measurable 
cognitive impairment. The impairment is greater than what could be expected 
in relation to age and education, but without affecting the ability to perform 
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ADL [22]. The objective measurement of the cognitive impairment is gener-
ally based on cognitive test scores of 1.0–1.5 standard deviation below ad-
justed norm scores on at least one test of memory, executive functioning, lan-
guage, attention, or visuospatial skills [34]. Subtypes of MCI have been iden-
tified, which depend on which cognitive domain is affected: amnestic MCI 
single-domain, amnestic MCI multiple-domain, non-amnestic MCI single-do-
main, and non-amnestic MCI multiple-domain [35].  

The overall prevalence of MCI is approximately 16% in individuals be-
tween 70 and 89 years [36], and the prevalence increases with age [37, 38]. 
No sex differences have been shown in the prevalence of MCI [37, 39]. The 
annual conversion rate from MCI to dementia is between 10% and 15% in 
clinical samples [40], and it is estimated that eventually half of all patients 
with MCI will convert to dementia [41]. Thus, there are a considerable number 
of patients with MCI who do not progress to dementia but remain stable over 
time or revert to normal cognition [42]. The reasons for disease progression 
or reversion have been explored in different studies and may be explained by 
demographic and clinical factors, such as age, gender, educational level, 
APOE ε4, hypertension, and depressive symptoms [43, 44]. 

At present, there are no specific pharmacological treatments for cognitive 
disorders at the stages preceding dementia [45]. Since these disorders may be 
related to a range of neurologic and psychiatric conditions, the treatment of 
underlying causes, e.g., depression, may influence the cognitive symptoms. 
Additionally, multi-domain interventions addressing lifestyle-related risk fac-
tors may benefit cognition in individuals with an elevated risk of dementia 
[46]. 

Memory assessment 
Base and extended memory assessment 
Due to the complexity of the diagnostic criteria, no isolated finding or test 
result is sufficient for a diagnosis of dementia, MCI, or SCI. A multifaceted 
memory assessment is thus required, from which the findings result in a diag-
nosis [13, 18, 19, 22, 47, 48]. 

When an individual’s cognitive decline is suspected to be caused by a de-
mentia disorder, the Swedish National Board of Health and Welfare recom-
mends that a base memory assessment be carried out [11]. The aim of a base 
memory assessment is to determine the cause of the cognitive symptoms, lead-
ing to – or ruling out – a diagnosis. The base memory assessment is also in-
tended to determine how to minimize or compensate for the patient’s loss of 
functions [11]. 

A base memory assessment implies a careful evaluation of the patient’s 
history including interviews with the patient and – whenever possible – a close 
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relative, physical and psychological examinations, cognitive testing, structural 
brain imaging with either computerized tomography (CT) or magnetic reso-
nance imaging (MRI), and structured assessment of ADL [11]. The cognitive 
testing consists primarily of the Mini Mental State Examination (MMSE) and 
the Clock Drawing test. The MMSE is used for detection of impairment by 
evaluating cognitive abilities such as orientation, attention, recall, and lan-
guage [49]. Even though it is well established and frequently used in many 
countries, the diagnostic and predictive value of MMSE has been questioned 
[50]. For example, MMSE does not involve assessment of executive functions 
[50], and its validity is low for detecting mild degrees of impairment [51]. As 
a stand-alone test, MMSE is not sensitive in identifying future dementia inci-
dence among MCI patients [52]. The Clock Drawing test is recommended to 
be carried out as a complement to MMSE in a base memory assessment [11]. 
The Clock Drawing test involves cognitive abilities such as visuospatial skills, 
on-demand motor execution, visual memory and reconstruction, and execu-
tive function [53]. It is a sensitive tool to detect severe cognitive impairment, 
but it lacks sensitivity when the impairment is mild [54]. Brain imaging is 
used to detect structural changes, e.g., infarcts, white matter lesions, and at-
rophies, and can thus be an aid to a base memory assessment when differen-
tiating between dementia diagnoses [7]. 

The ADL is primarily assessed by interviews with the patient and his/her 
close relative, and should include consideration of previous abilities and cur-
rent comorbidities [11]. Determining whether or not a decline in ADL is re-
lated to the cognitive disorder is an essential part of the base memory assess-
ment, since it is one of the criteria that separate dementia from MCI.  

If the base memory assessment is insufficient to make a diagnosis, or if 
there is a need for more detailed information of the symptoms and underlying 
biochemical abnormalities, the Swedish National Board of Health and Wel-
fare recommends an extended memory assessment [11]. The extended 
memory assessment comprises methods such as neuropsychological testing 
covering various cognitive domains, lumbar puncture for cerebrospinal fluid 
(CSF) analysis, positron emission tomography (PET) to measure glucose me-
tabolism, and – more rarely – single-photon emission computed tomography 
(SPECT) to measure dopamine transport and blood flow to the brain [11]. 
These methods are generally only available at specialized memory clinics and 
are all invasive, expensive, and/or time-consuming [1].  

There are numerous neuropsychological tests available for an extended 
memory assessment, and the choice depends on which specific cognitive do-
main needs further evaluation. For example, tests of verbal fluency, particu-
larly semantic fluency, in which the patient names as many different animals 
as possible in 60 seconds, has shown a high discriminative and predictive ca-
pacity for AD [55].  

A CSF analysis may be performed in order to differentiate AD from other 
disorders. A low concentration of amyloid beta 42 (Aβ42) combined with high 
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total tau (t-tau) and phosphorylated tau (p-tau) is characteristic for AD [56] 
and has a sensitivity and specificity of around 90% in the prediction of future 
conversion to AD dementia among patients with MCI [57]. Analysis of CSF 
biomarkers, as well as PET and SPECT scans may reveal AD pathology sev-
eral years before the onset of symptoms [57, 58]. Recently, a new blood-based 
test involving the measurement of tau phosphorylated at threonine 
181 (tau181) in plasma has shown results with a diagnostic accuracy for AD 
that is comparable to CSF analysis and PET scan [59]. However, this method 
is still being evaluated and is not yet available for clinical use. 

In summary, memory assessments involve complex processes. Character-
istic traits in cognitive function, brain imaging and biomarkers, are used by 
the geriatrician as pieces of a puzzle to identify a specific disorder. Addition-
ally, since it is common that patients with mild symptoms seek health care for 
memory assessment, the prediction of how the impairment will develop is at 
least as important as determining a current diagnosis. Presently, the most ef-
fective way of predicting dementia in MCI patients appears to be reached by 
combining results from clinical cognitive tests, CSF biomarker analysis, 
and/or brain imaging [60, 61]. Regular re-evaluations are recommended to 
track disease progression [11]. 

Mobility and cognition  
The term mobility has different meanings depending on the context [62]. The 
International Classification of Functioning, Disability, and Health, defines 
mobility as “moving and changing body position or location or by transferring 
from one place to another, by carrying, moving or manipulating objects, by 
walking, running or climbing, and by using various forms of transportation” 
[63]. In this thesis, mobility refers to movements – i.e., motor tasks – executed 
by the individual’s own body. Cognition involves processes and components 
such as “perception, attention, reasoning, learning, language, memory and de-
cision-making that gather, organize and convert information into knowledge 
and integrate it in existing experience” [64]. Different aspects of mobility 
(e.g., walking and chair stands) and of cognition (e.g., memory and executive 
function) have been shown to be interrelated [65]. 

Mobility and cognition in aging 
Human aging generally involves mobility impairment due to anatomic and 
functional changes in neuromuscular, sensory, and cognitive systems [66]. 
However, there are considerable differences between individuals, and func-
tional ability may remain unaffected by age [66]. Similarly, the effect of aging 
on cognitive function is largely individual [24]. Converging evidence has 
shown that mobility and cognition are interrelated, and more so with higher 
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age [65, 67, 68]. This interrelation is explained by shared brain circuits that 
are vulnerable to multiple age-related changes [67, 69]. Both mobility and 
cognition are compound concepts, and the relationships between their sub-
domains are not yet fully understood [65]. Gait (or walking) is the most thor-
oughly studied motor task in this context. In contrast with the general percep-
tion 20 years ago, walking should not be regarded as an automated task. Walk-
ing requires higher cortical involvement such as executive function and atten-
tion [70]. Habitual gait speed – the most common measure of walking ability 
– has been shown to decrease with age from as early as the fourth decade [71]. 
Other gait disturbances, such as shorter step length and wider step width, are 
also associated with aging [68, 72].  

The mobility test Timed Up-and-Go 
The relationship between mobility and cognition has been studied through 
various functional tests [73]. One of the best-established tests to assess func-
tional mobility among older adults is the Timed Up-and-Go (TUG) [74]. The 
TUG involves timing a consecutive sequence of motor tasks, in which the test 
person starts from sitting in a chair, stands up when given a signal, walks three 
meters, turns around, walks back to the chair and sits down again. The TUG 
can be regarded as one compound motor task that comprises separate subtasks, 
all of them motorically demanding [75-77]. Because the TUG involves several 
subtasks, processing of instructions, and planning of the performance, the test 
implicates higher demands on cognitive functions than only walking [78]. In 
cross-sectional studies, a slower performance of TUG has shown to be asso-
ciated with the following cognitive domains: global cognition [79], executive 
function [76, 78], memory [78, 80], attention [78], and visual-motor perfor-
mance [81]. When analyzed separately, the durations of transitions and turn-
ing during TUG are associated with executive functions [82]. Turning addi-
tionally depends on processing speed [82] and visual-spatial processing [77]. 
The time to perform the entire TUG test is in general affected by age in cog-
nitively healthy adults from the age of 60 years [83, 84].  

Mobility and cognitive disorders 
Mobility impairments and cognitive disorders often co-exist in older adults 
[85, 86]. There have been few studies investigating whether there are differ-
ences in mobility in individuals with SCI compared with cognitively healthy 
individuals. One cross-sectional study has shown that mobility, as measured 
by TUG time score, differed significantly in comparisons between female car-
riers of APOE ε4 with SCI and healthy controls [87]. However, no differences 
in time scores were seen between the entire SCI group and healthy controls 
[87]. Similarly, gait parameters such as stride velocity, stride length [88], and 
gait variability [89] have not been shown to differ between individuals with 
SCI and healthy controls. The diagnostic entity SCI is generally considered to 
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be heterogeneous [90], which is why differentiating groups of individuals with 
SCI from cognitively healthy individuals is challenging.  

In line with the comparisons between SCI and healthy controls, studies 
have shown that TUG time scores do not differ between individuals with MCI 
and healthy controls [77, 91, 92]. However, impairments in performance of 
TUG subtasks have been detected in MCI by the use of an inertial sensor that 
measured angular velocity and acceleration [77]. Moreover, other elements 
that may affect mobility such as deficits in balance [93] and coordination [94], 
and reduced velocity and stride length [93, 95] are more common among in-
dividuals with MCI than among cognitively healthy individuals. In commu-
nity-dwelling individuals with MCI aged 70 and older, gait slowing or gait 
disturbances have been shown to be present in 46%, which is almost three 
times more than among cognitively healthy controls [95]. These gait abnor-
malities are generally subtle and may require sensitive measurements such as 
quantification of gait parameters by instrumental devices to be detected [96]. 
Studies comparing individuals with MCI and dementia disorders have sug-
gested that both TUG time scores and gait disturbances during straight-line 
walking (e.g., decreased gait speed and step length), depend on the level of 
cognitive function [91, 97, 98]. 

The presence of mobility impairments is well established in manifest de-
mentia [99]. This is perhaps most notable through the increased fall risk; the 
incidence of falls is nearly 10 times higher among community-dwelling peo-
ple with vs. without dementia [100]. Moderate to severe gait and balance dis-
orders are present in approximately 50% of cases with dementia [101]. More-
over, the patterns of motor function, gait, and balance differ across subtypes 
of dementia, which may be useful for differential diagnosis [101-103]. Ac-
cording to a clinic-based study, 79% of patients with vascular dementia, 75% 
with dementia with Lewy bodies, and 25% with AD demonstrate gait and bal-
ance disorders [101]. Consequently, other measures of motor impairments 
have been shown to be more prominent in non-AD dementia disorders than in 
AD [102]. Even so, in comparisons with healthy controls, individuals with AD 
generally have shorter step length and reduced speed during walking [99], as 
well as slower TUG performance [91, 98]. 

Since SCI and MCI are heterogeneous diagnostic entities that do not nec-
essarily lead to dementia disorders, longitudinal rather than cross-sectional re-
sults may be considered more clinically relevant when investigating relation-
ships between cognition and mobility. It has been suggested that a concurrent 
decline of cognition and mobility is common in normal aging [68]. Patholog-
ical cortical changes, on the other hand, appear to cause mobility dysfunctions 
to be detectable before cognitive symptoms [68]. Slower performance of the 
TUG test has been shown to be associated with cognitive decline after three 
years among cognitively healthy adults aged 80 and older [104], as well as 
with dementia incidence after four years among cognitively healthy adults 
aged 66 years [105]. However, conflicting results have been reported in a large 
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study in which TUG time score did not predict cognitive decline after 6 years 
among high-functioning community-dwelling older adults [106]. Straight-line 
walking speed has been studied more thoroughly than the TUG test concern-
ing prediction of cognitive decline; in an increasing number of studies, slow 
gait speed predicts cognitive decline and dementia incidence among cogni-
tively healthy adults in different age groups above 60 years [107-109]. As 
early as 12 years before cognitive symptoms appear, slowing of gait has been 
shown to occur [110]. The combination of walking slowly and experiencing 
subjective cognitive symptoms has been proposed to compose a sensitive 
measure of dementia prediction [111]. Verghese et al. introduced this concept, 
denoted “motoric cognitive risk syndrome” (MCR), in which slow gait speed 
(one standard deviation or more below age- and sex-appropriate mean values) 
in the presence of cognitive complaints (without fulfilling the criteria of de-
mentia) has been shown to predict cognitive decline and dementia incidence, 
especially vascular dementia, in community-dwelling adults from the age of 
60 years [111-113].  

Continuing the line of reasoning presented above concerning the shared 
brain circuits of cognitive and motor control, it is plausible that cognitively 
challenging conditions influence mobility. It has been shown that subtle gait 
disturbances are more likely to manifest when an attention-demanding task is 
performed during gait, compared with only walking [93, 114] – i.e., under a 
dual-task condition.  

Dual-task testing 
Definition 
In this thesis, the definition of dual-tasking used is the one proposed by 
McIsaac et al. (p. 2) [115]: “Dual-tasking is the concurrent performance of 
two tasks that can be performed independently, measured separately and have 
distinct goals.” These goals are further specified: they should be separate and 
functionally independent [115]. To narrow the definition even more, the focus 
of the current thesis is on “cognitive-motor dual-tasking,” which means that 
one of the included tasks is cognitive in character and the other one is motor 
in character (as opposed to e.g., motor-motor or cognitive-cognitive dual-task-
ing) [115]. Dual-task interference occurs when one or both task performances 
are altered compared with their being performed separately, i.e., single-task 
performances [116]. Plummer et al. have presented a framework for catego-
rizing motor-cognitive interference which includes nine patterns based on 
combinations of a) no change, b) improved, or c) impaired performance in the 
motor and in the cognitive task, respectively [117]. Thus, in order to investi-
gate the dual-task interference according to this classification, both tasks must 
be performed both separately and simultaneously [118].  
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Three main dual-task theories 
There are three main theories explaining the mechanisms underlying dual-task 
interference. The bottleneck theory suggests that only one task can be pro-
cessed at a time due to a serial processing of the two tasks, when they require 
the same neural networks or when networks overlap [119]. In contrast, the 
capacity-sharing theory argues that the processing of different tasks can pro-
ceed in parallel, but that the capacity to do so is limited if they require common 
limited resources [120]. How the capacity is allocated may be voluntary or not 
[120]. The non-voluntary selection of strategy may be explained by the model 
of task prioritization [121], in which it is suggested that prioritization of tasks 
is determined by factors that minimize danger and maximize pleasure, which 
is why factors such as an individual’s physical capacity to avoid falling when 
walking has an impact on how the capacity is allocated. As opposed to the two 
first theories, the cross-talk theory suggests there is a sort of facilitation when 
performing two tasks that use the same neural pathways and do not disturb 
each other [122]. An example of this phenomenon has been seen in young and 
cognitively healthy adults, where a rhythmic cognitive task increased gait 
speed during dual-task performance compared to single-task performance 
[123]. It has been argued that each theory can explain different combinations 
of tasks and that no single theory is applicable to all dual-task situations [124]. 

Montero-Odasso et al. coined the expression “brain stress test” as an expla-
nation for dual-task interference [125]. “Brain stress test” summarizes well 
the notion of dual-task testing, namely that the simultaneous performance of 
two tasks controlled by shared cortical networks challenges the brain to a 
higher extent than when tasks are performed separately. 

Factors that may affect dual-task ability 
Advanced age has been shown to be associated with increasing difficulties 
with dual-tasking [126-128]. This association is explained by well-known 
age-related processes such as deterioration of prefrontal cortical circuitry, loss 
of brain mass, and executive dysfunction [123, 129, 130]. Nevertheless, be-
cause of the known individual variability in both mobility and cognition due 
to aging [24, 66], there is reason to expect that the dual-task ability does not 
necessarily decline with age.  

The possible effect of depression on dual-task ability has been studied 
among cognitively healthy older adults, and the results are inconsistent [131-
135]. However, in individuals with AD, the presence of depression appears to 
influence dual-task ability negatively [136]. Gender, as a separate factor, does 
not seem to influence dual-task ability among cognitively healthy young 
adults [137]. But from the age of 67 years, there are conflicting results regard-
ing differences between cognitively healthy women and men in spatiotem-
poral gait parameters during dual-tasking [138, 139]. Education appears to be 
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another possible influencing factor, possibly depending on the choice of cog-
nitive task. For a dual-task test involving reciting days of the week in reverse 
order and TUG, the level of education among cognitively healthy individuals 
over the age of 80 years has been shown to affect dual-task ability, but to a 
lesser extent than its influence on MMSE results [131]. Similarly, dual-task 
ability has been shown to be associated with educational level among older 
adults without dementia when using continuous subtractions by ones, and 
TUG [140]. However, the association with educational level was not present 
when the cognitive task involved naming animals [140]. Executive function 
among cognitively individuals, as well as among individuals with cognitive 
disorders, has been shown to be associated with dual-task ability [70, 141-
143]. 

Cognitive disorders such as MCI and AD [144], vascular dementia [145], 
frontotemporal dementia [146], and dementia with Lewy bodies [102] are as-
sociated with dual-task difficulties. Additionally, several other neurological 
disorders, such as Parkinson’s disease [147], traumatic brain injury [148] and 
multiple sclerosis [149], may cause impaired dual-task ability.  

Dual-task testing in cognitive disorders  
The interest in investigating dual-task testing in individuals with cognitive 
disorders has been extensive since the end of the 1990’s, most likely following 
two ground-breaking papers: In 1997, Lundin-Olsson et al. demonstrated that 
nursing home residents who “stop walking when talking” were more likely to 
fall than those who could maintain a conversation while walking [150]. This 
finding attracted much attention to dual-tasking and its possible clinical utility. 
The same year, Camicioli et al. showed that “walking while talking” resulted 
in a slower gait speed among AD patients than among cognitively healthy 
older adults [151]. Following these studies, numerous investigations have 
been carried out to explore the use of dual-task testing to reveal diagnostic 
status among patients at different stages of cognitive impairment [144, 151-
156], as well as to identify those who, in the course of time, will decline cog-
nitively [125, 157, 158]. In these studies – also when using the narrowed def-
inition of “cognitive-motor dual-tasking” given above – a variety of test com-
ponents, instructions, and test outcomes have been used. 

Test components, instructions, and test outcomes 
Many previous dual-task studies focus on the motor task and in what way the 
motor task is affected by dual-task interference [126]. Therefore, the two tasks 
included are often referred to as the primary task (motor) and the secondary 
task (cognitive) [126]. This implies that the motor task is studied under a dual-
task condition – alone or in comparison with a single-task condition – and the 
cognitive task is merely seen as disturbance [159]. 
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The motor task generally involves either a certain distance of straight-line 
walking at comfortable or fast speed, with or without the acceleration and de-
celeration phases, the TUG test [154, 155, 160], or an obstructed pathway or 
treadmill [118]. The motor task used in a certain study depends on the intended 
test outcomes (e.g., studying gait variability requires a certain number of con-
secutive steps), as well as whether or not an additional load on executive func-
tions is desired (e.g., TUG or obstructed pathway) [161]. The cognitive com-
ponent used in dual-task testing is most often verbal and challenges executive 
functions and/or working memory [118]. The character of the cognitive task 
is often arithmetic (continuous subtractions by ones, threes, or sevens), in-
volves verbal fluency (animals, names, phonemic fluency), or reciting the al-
phabet (in order or alternate letters) [115, 161]. Some of these cognitive tasks 
are discrete, whereas others are continuous, which should be considered, since 
this affects the consistency of the attentional load [118]. For the level of diffi-
culty of the cognitive task, it has been recommended that it should be neither 
too easy nor too difficult, but close to the threshold of the individual’s capacity 
[144]. Thus, the cognitive tasks are not interchangeable [3], and since the at-
tentional load of the tasks affects the test performance, it is essential to con-
sider the choice of tasks in relation to the target population.  

Moreover, intentional or unintentional attentional priority to one of the test 
components may have a considerable effect on dual-task performance [162, 
163]. Thus, the instructions given to the test person regarding prioritizing be-
tween tasks may indeed affect the test results. Such instructions vary across 
studies [118] – usually neither of the tasks are asked to be prioritized [154], or 
both tasks equally [153]. One reason for these instructions is that the testing 
should resemble real life [154, 163]. However, when interpreting the results 
from such studies, different strategies of prioritization should be considered. 
There is an unintentional strategy called posture first, which stipulates that 
cognitively healthy adults normally prioritize the motor task over the cogni-
tive performance [164], a preference that is explained from an evolutionary 
perspective [165]. This strategy has been shown to diminish with age [166], 
and even to invert (posture-second strategy) in people with Parkinson’s dis-
ease [167]. It is of particular interest to reflect upon intentional or uninten-
tional priorities when studying the outcome measures, since singling out re-
sults from only one of the tasks could be misrepresentative of the complete 
dual-task performance. 

In dual-task studies in which the focus is on the motor task, gait parameters 
and/or results related to gait speed are most commonly studied. Dual-task gait 
parameters are measured by an electronic walkway, inertial sensors, or by a 
motion-capture system, and the outcome measures vary [168], e.g., step 
length, step width, and step variability. When the motor task is straight-line 
walking, gait speed is commonly used as the outcome measure, whereas time 
scores are presented when the motor task is TUG. Since the TUG time score, 
i.e., the completion time of TUG, is correlated to gait speed [74], dual-task 
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gait speed when using straight-line walking and dual-task time score when 
using TUG are related. The outcome measure dual-task gait cost is the relative 
difference in gait speed or time score between single- and dual-task perfor-
mances and thereby adjusts for an individual’s baseline gait characteristics [4]. 
Dual-task gait speed and dual-task gait cost are the most established dual-task 
test outcomes [4, 115, 169]. 

Test outcomes related to the cognitive task are less frequently reported than 
motor-related ones, as the cognitive task is often seen as a disturbance of the 
motor task [159]. However, because of the possible effect of prioritization be-
tween tasks, it has been recommended that the cognitive task outcomes should 
be studied alongside with those of the motor task [4, 116]. When reported, 
cognitive/verbal outcomes are described by the number of words, the number 
of errors, or the dual-task cognitive cost (the relative difference in cognitive 
performance between single- and dual-task performances) [170]. In this thesis, 
when “dual-task cost” is mentioned without specification of which task (gait 
or cognitive) it refers to, it signifies that of the gait. This abbreviation is fre-
quently used in the literature and could be explained by the fact that the cost 
measure relating to gait is far better established than the cognitive one. 

Combining motor and cognitive results by calculating the number of words 
recited per time unit during a test is a rarely used dual-task test outcome [171, 
172]. This combined outcome decreases the effect of prioritization between 
tasks by capturing both the motor and cognitive aspect of the dual-task per-
formance. One version of this outcome – “number of figures counted down by 
one second” (test components: TUG and subtractions from 50 by ones) – has 
been shown to differ between patients with AD and a control group [172]. 
Additionally, “number of correct calculations per second” and “number of an-
imal names per second” (test components: 6-meter straight-line walking and 
a. counting down from 50 by twos and b. naming animals, respectively), have 
shown to differ between older adults with higher and lower cognitive function 
as measured by an MMSE score under vs. over 25 [171]. 

Another type of dual-task outcome has recently been studied, where cate-
gories were used to classify the performances [155]. The assessment was 
based on alterations in either one of the tasks included, which resulted in clas-
sification of performances (normal, moderate deviation, and severe deviation) 
that could differentiate between groups of individuals without cognitive im-
pairment, with MCI, and with AD [155].  

There is growing evidence that results from dual-task testing are more in-
formative than those of single-task testing concerning cognitive function 
[144]. However, determining what tasks to include and deciding how to in-
struct prioritization have been identified as the key limitations of the clinical 
use of dual-task testing [4]. Moreover, although dual-task gait speed has been 
suggested to be the most relevant parameter in dual-task testing for older 
adults [4], there is no broad consensus regarding what test outcome is optimal. 
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Measurement properties 
The quality of tests is primarily assessed by evaluation of their measurement 
properties [173]. The main measurement properties of a test are validity – the 
ability to measure the construct it purports to measure, and reliability – the 
extent to which the measurement is free from measurement error [174]. Va-
lidity and reliability are interconnected; a measure with an unacceptable level 
of reliability implies low validity, whereas a measure with high reliability does 
not necessarily imply high validity [173]. 

Different aspects of validity have been in focus in several dual-task studies 
that involve straight-line walking. One aspect is concurrent criterion validity, 
which signifies whether or not a test outcome is systematically related to a 
measurement standard assessed at the same point in time [173]. Criteria such 
as clinical cognitive test results have been used, leading to suggestions that 
among individuals with MCI, dual-task gait cost is associated with memory 
[175] and with global cognition [176].  

Additionally, the discriminative validity of various dual-task test outcomes 
to differentiate between groups of different cognitive status has been evalu-
ated. For the differentiation between groups of individuals with cognitive dis-
orders and cognitively healthy controls, in particular dual-task gait speed [153, 
170], TUG dual-task time scores [154, 155], dual-task gait cost [153, 176], 
and gait variability [144, 156] have shown evidence of discriminative validity. 

In the literature, there are a limited number of dual-task studies that have 
encompassed evaluation of the test outcomes’ validity concerning prediction 
of incident dementia. Mainly, the outcomes dual-task gait speed, gait variabil-
ity [157], and dual-task gait cost [125] have shown potential for predictive 
validity among individuals with MCI. 

There are different aspects of reliability that may be relevant in dual-task 
testing. In this thesis, the focus will be on the most frequently studied aspect 
of reliability, namely the test-retest reliability. Test-retest reliability represents 
the extent to which scores for individuals who have not changed are the same 
for repeated measurements over time [174]. The test-retest reliability of vari-
ous dual-task test outcomes has been described among individuals without 
cognitive disorders in different age groups above 60 years using intraclass 
correlation coefficients (ICCs) [177-181]. Regardless of which test compo-
nents were used, the reliability of dual-task gait speed or time scores is re-
ported to be excellent [177-179, 182, 183] (levels of ICC estimates defined 
according to Rosner [184]). The reliability of dual-task gait cost and cognitive 
task outcomes has been reported as poor to good [179, 183], while the relia-
bility of gait variability has been shown to be poor [178, 185], most likely due 
to an insufficient number of steps during testing [185].  

In dual-task testing of individuals with cognitive disorders, it appears that 
the test outcomes’ reliability is comparable to that of cognitively healthy peo-
ple. For individuals with dementia, test-retest reliability has been shown to be 
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excellent for dual-task time scores [181, 186]. For gait parameters such as step 
length and step width, the reliability is also reported to be excellent among 
individuals with MCI [187] and with AD [188]. The reliability of dual-task 
gait cost has been shown to be poor to good [180, 186], and that of cognitive 
task outcomes was fair to excellent among individuals with dementia [186].   

Minimal detectable change (MDC) is calculated by linear transformation 
of the standard error of measurement (SEM) and is recommended to be re-
ported in studies of test-retest reliability [189]. In a few dual-task test studies, 
MDCs for test outcomes have been described, namely for dual-task gait speed 
(among healthy adults over the age of 60 years) [182], for dual-task gait cost 
(among older adults with and without cognitive decline) [180], and for certain 
gait parameters (among patients with AD) [188]. The MDC of a test outcome 
is useful in both clinical and research settings to determine whether a change 
in performance is real, rather than due to measurement error [190].  

In summary, several previous dual-task studies involving cognitively 
healthy older adults as well as individuals with cognitive impairment have 
reported aspects of satisfactory measurement properties. However, because 
these studies have used different test designs, test outcomes, and/or definitions 
of populations, the results of validity and reliability cannot be directly applied 
to other dual-task tests. Thus, measurement properties should be evaluated for 
all newly developed tests in order to determine their potential usefulness for 
research and clinical purposes [191, 192].  

Rationale 
The World Health Organization has labeled dementia a public health priority 
[193]. As the aging population increases globally, the number of individuals 
with dementia disorders is expected to double every 20 years [194]. In order 
to initiate future disease-modifying therapies before the pathological damage 
has become extensive, a correct diagnosis and prognosis as early as possible 
in the disease progression are sought after [90, 108]. Also, a correct diagnosis 
is necessary to initiate drug treatments for symptomatic relief [7], and to pro-
vide the individual an opportunity to make life choices for the future [195]. 
Today, base memory assessments comprise many elements where no separate 
test is sufficiently sensitive to identify early-stage dementia disorders [51, 54], 
and dementia is underdiagnosed in primary care [196]. More advanced and 
accurate diagnostic methods are available in extended memory assessments, 
but as these methods are invasive, expensive, and/or time-consuming, their 
accessibility is limited [1]. Thus, simple tools that could be used to detect and 
predict dementia disorders are lacking [1, 197, 198].  

The growing awareness of the relationship between mobility and cognitive 
processes has led to an interest in using motor-related characteristics, such as 
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gait, in predicting dementia disorders [197]. Even more informative test re-
sults have been seen when gait is combined with simultaneous performance 
of a cognitive task [93, 114, 144, 175], which is why motor-cognitive dual-
task testing has been proposed as a useful tool for detection of cognitive dis-
orders [1, 2, 93]. However, the limited knowledge of what task components 
and test outcomes are optimal and lack of clarity in how to frame the test in-
structions have been identified as key impediments to clinical use [4]. 

A dual-task test that is easy to administer, with well-defined test compo-
nents and a standardized protocol, which could detect cognitive disorders and 
indicate individuals who – at earliest possible stage in the disease progression 
– will develop a dementia disorder, would fill an important gap in research 
and clinical practice. 
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Aims 

The overall aims of the current thesis were to explore if TUGdt tests could be 
useful in early detection of dementia disorder, as well as to present normative 
reference values for the TUGdt test outcomes, and to evaluate the reliability 
for these test outcomes among cognitively healthy controls. 

Specific aims were to: 

I. investigate correlations between TUGdt test outcomes and the 
AD CSF biomarkers Aβ42, t-tau, and p-tau, 

II. compare the results of TUG and TUGdt testing among individu-
als with a) dementia disorders, b) MCI, c) SCI, and d) healthy 
controls and thereby establish whether the test outcomes can dis-
criminate the groups from each other, 

III. investigate if TUGdt test outcomes can predict conversion to de-
mentia among individuals with SCI or MCI over a 2.5-year pe-
riod, and 

IV. present normative reference values for TUGdt test outcomes in 
age- and sex-specific groups from the age of 50 years, as well as 
to establish the TUGdt test outcomes’ test-retest reliability 
among individuals without cognitive impairment.  
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Methods  

This thesis forms part of the ongoing project Uppsala-Dalarna Dementia and 
Gait (UDDGait™) [199]. A brief overview of the study foci and participants 
in the studies included in this thesis is given in Table 1. 

Setting and participants  
The data collection was carried out at three locations: The memory clinics in 
Uppsala University Hospital (Papers I–IV) and in Falu Hospital (Papers I–III) 
and at Åland University (Paper IV). A power calculation was carried out to 
determine the baseline sample size, based on the assumed predictive capacity 
of TUGdt cost and statistical power of 90%, presumptions of clinically rele-
vant predictive capacity, dementia incidence within three years, and dementia 
prevalence among patients undergoing memory assessment [199].  

Patients were recruited when appointed for memory assessment at the 
memory clinics (April 2015 – February 2017). They carried out the baseline 
data collection (referred to as the UDDGait™ assessment) before any diagno-
sis was set. The exclusion criteria were: Need of an interpreter to communicate 
in Swedish, inability to rise from a sitting position or to walk three meters 
back and forth, and indoor use of a walker. Individuals without cognitive im-
pairment were recruited as healthy controls through advertisement and flyers. 
For controls, the inclusion criteria were: No experienced memory problems, 
ability to rise from a sitting position and to walk three meters back and forth 
without the use of a walker, aged 50 years or older, and an MMSE score of 27 
or above. The inclusion of the healthy controls was purposeful in order to 
complete age- and gender-specified groups. The inclusion of patients and 
healthy controls is shown in Figure 2. 
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Specific descriptions of the participants in Papers I–IV are presented below 
and in Table 1. 

Paper I. Patients who underwent lumbar puncture as part of the memory as-
sessment were included (N = 90, mean age 71 years, age range 49–84 years), 
i.e., a sub-sample of the patients who carried out the UDDGait™ assessment. 
Among these, 21 individuals were diagnosed with AD, 9 with other demen-
tias, 52 with MCI, and 8 with SCI. 

Paper II. The total sample (N = 464, mean age 71 years, age range 39–94 
years) involved the patients included in UDDGait™ (n = 298) and cognitively 
healthy controls (n = 166). The sample included 50 individuals with AD, 36 
with non-AD dementia, 135 with MCI, and 77 with SCI. 

Paper III. Patients who were diagnosed with MCI or SCI in connection with 
the memory assessment for whom diagnostic information was obtainable after 
2.5 years were included (N = 172, mean age 71 years, age range 39–91 years). 
Of these, 111 individuals were diagnosed with MCI, and 61 with SCI at base-
line. At follow-up, 51 individuals had converted to dementia, and 121 individ-
uals had not. 

Paper IV. In the reference sample, the healthy controls participating in Paper 
II (n = 166, mean age 70 years, age range 50–91 years) were included. Twenty-
one of these participants carried out a retest and were thereby also part of the 
reliability sample. An additional 22 individuals were included at Åland Uni-
versity via purposive sampling to achieve a similar representation of women 
and men across ages above 50 years. In the reliability sample, a total of 43 
individuals were included (mean age 69 years, age range 50–89 years).  

Ethical considerations  
There are ethical issues in research involving patients with cognitive impair-
ment. The patients included in the studies of this thesis are a vulnerable group. 
First of all, they have some degree of cognitive impairment, which may entail 
difficulties concerning informed consent. Additionally, these individuals are 
in a distressing situation; undergoing memory assessment often causes worry 
not only for the patient but also for his or her relatives. However, for research 
that aims to enable early identification of dementia disorders, it is necessary 
to involve this group in studies.  

The informed consent must be particularly considered when involving par-
ticipants with cognitive disorders in research. In the studies included in this 
thesis, careful ethical considerations were continuously made to ensure that 
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participation was based on informed consent. Patients received adapted infor-
mation about the study and what participating would entail, first by letter, then 
by telephone, then at the occasion of the memory assessment, when written 
and verbal information was given again. If a relative was present at the occa-
sion of the memory assessment, they could take part of the information and be 
involved in deciding on participation, if the patient so wished. Patients who 
agreed to participate signed a study agreement. At all times, the patients’ self-
determination was supported and any signs of unwillingness to participate in 
the research were considered.  

Since the TUGdt tests were video recorded, all participants were asked spe-
cifically if the recordings could be used for educational purposes or for scien-
tific presentations. The face would then be blurred so that the person would 
not be recognizable. If the participant agreed, a box in the study agreement 
could be ticked, otherwise the box was left unticked. The participant was in-
formed that all recordings – as well as all other collected data – were stored 
safely and locked up. 

Moreover, the data collection involved assessments that could reveal symp-
toms previously unknown to the participant, e.g., signs of depression or cog-
nitive impairment. The test leader followed a protocol for these situations: If 
the depression screening indicated depressive symptoms, the test leader com-
municated this to the participant. For patients, a contact with the memory 
clinic’s counsellor was offered, and for healthy controls, a contact with the 
primary care was recommended. Since the healthy controls were recruited as 
being “cognitively healthy,” they were presumably unaware of any cognitive 
difficulties. If aberrant cognitive test results (MMSE score < 27 or an incorrect 
Clock Drawing test) were found in healthy controls, the test leader communi-
cated this to the participant. Then, if the participant so wished, the test leader 
offered him/her a telephone appointment with one of the memory clinic geri-
atricians to discuss the results, or – for participants in Åland – a contact with 
primary care was recommended. Among patients, aberrant cognitive test re-
sults were not acted upon by the test leader, since the patients were currently 
undergoing memory assessment. With these precautions made, participation 
was judged to entail minimal risks for the individual’s health and integrity.  

The Regional Ethical Review Board in Uppsala approved the studies in-
cluded in this thesis (2010/097/1;2, 2014/068/1;2). 

Data collection and data preparation  
The data collection procedures for all studies included in this thesis followed 
the structure detailed in the study protocol [199]. The UDDGait™ assessment 
involved: TUG and TUGdt testing; demographic data reported by the partici-
pants, including age, marital status, and educational level (university educa-
tion or not); four cognitive tests (MMSE [200], Clock Drawing test [201], 



 

 33

Trail Making Test A and B [202], and Verbal Fluency test [203]); depression 
screening (the Geriatric Depression Scale 4-item [204]); and three functional 
physical tests (a short version of the General Motor Function Assessment 
Scale [205], static balance in accordance with Bohannon [206], and hand grip 
strength using a dynamometer [207]) (Table 2). If the cognitive tests had been 
performed in conjunction with the memory assessment, or within the last 3 
months, the tests were not carried out again, but results were collected from 
medical records.  

Table 2. Data collection according to the UDDGait™ assessment. 

 Papers I–III Paper IV 
 

 
The UDDGait™ assessment 

 Reference 
values 

Reliabil-
ity 

test/retest 
Demographic data* x x x/- 
Mini Mental State Examination x x x/x 
Clock Drawing test x x x/- 
Trail Making Test A & B x x x/- 
Verbal Fluency test Naming Animals x x x/- 
Geriatric Depression Scale 4-item x x x/- 
Timed Up-and-Go x x x/x 
Timed Up-and-Go dual-task Naming Animals x x x/x 
Timed Up-and-Go dual-task Months Backwards x x x/x 
General Motor Function Assessment Scale, short 
version 

x x x/x 

Static balance x x x/x 
Grip strength x x x/x 

*Age, gender, marital status, educational level  
UDDGait™ = Uppsala-Dalarna Dementia and Gait  
x = performed 
- = not performed 

The TUGdt testing was led by physical therapists, and carried out in the fol-
lowing order: single-task TUG, TUGdt Naming Animals (TUGdt NA), and 
TUGdt Months Backwards (TUGdt MB). Standardized instructions were 
given to the participants before each test. Single-task TUG was performed ac-
cording to the original test procedures [74]: The test person started from a 
sitting position in a chair, stood up at the test leader’s signal, walked three 
meters and passed a marking on the floor, turned around, walked back to the 
chair, and sat down again. The test leader timed the performance with a stop-
watch, from when the test person’s back left the backrest until his/her posterior 
touched the seat of the chair. For TUGdt NA, the participants were instructed 
to name different animals while completing the movement sequence. For 
TUGdt MB, they were asked to recite months in reverse order, starting from 
the last month of the year. The participants were instructed to complete all 
tests at their own speed, both in regard to the motor and the cognitive task, 
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and if they did not know what to say, they were asked to finish the mobility 
sequence. To ensure that spontaneous instructions were not used, the test 
leader was not allowed to give additional instructions for encouragement or 
cueing during the test. Exceptions were made in certain specified situations, 
such as answering direct questions from the participant (for details, see the 
study protocol [199]).  

The TUG and TUGdt tests were timed with a stopwatch to an accuracy of 
0.01 second and video recorded with two cameras (Fig. 3).  

 

Figure 3. Overview of the Timed Up-and-Go dual-task test setup. 

Subsequently, the video recordings were analyzed to obtain the verbal perfor-
mances related to the cognitive tasks. The verbal performances, i.e., the num-
ber of different animals named during TUGdt NA and the number of months 
recited in correct reverse order during TUGdt MB, were collected. These num-
bers were additionally validated by another member of the research team. 
Dual-task cost was calculated as 100*(TUGdt time score –TUG time 
score)/TUGst time score [115]. To capture both mobility performance in terms 
of time score and verbal performance of the dual-task tests, the previously 
rarely used measure “words per time unit” [171, 172] was calculated. To cal-
culate “words/10 s,” a participant’s number of words was divided by the time 
needed to perform the test, multiplied by ten. That is, for “animals/10 s”: 
10*(number of animals named during TUGdt NA/TUGdt NA time score). 
Thus, all TUG and TUGdt test outcomes used in the analyses were based on 
stopwatch measures and/or number of words: TUG single-task time score, 
TUGdt NA time score, TUGdt MB time score, TUGdt NA number of animals, 
TUGdt MB number of months, TUGdt NA cost, TUGdt MB cost, TUGdt NA 
animals/10 s, and TUGdt MB months/10 s. 

The physical therapist who performed the UDDGait™ assessment did not 
know the participants’ diagnoses, nor were the results from this assessment 
known to the diagnosing geriatrician.  

The above-described data collection and data preparation were used in Pa-
pers I–IV. Additional descriptions of data collection and data preparation are 
presented separately for Papers I–IV below. 



 

 35

Paper I. The lumbar puncture procedures followed the same routine in both 
specialist clinics and the samples were sent to the same laboratory. Laboratory 
technicians analyzed the CSF Aβ42, t-tau, and p-tau by Sandwich ELISAs 
(INNOTEST, Fujirebio, Ghent, Belgium). The technicians were blinded to all 
information from the memory assessment or UDDGait™ assessment. Subse-
quently, baseline diagnoses and information on biomarker concentrations 
were collected from the participants’ medical records.  

Paper II. Baseline diagnoses that were made in connection with the memory 
assessment were acquired from the participants’ medical records subsequently 
to the UDDGait™ assessment. 

Paper III. Baseline diagnoses were acquired from the participants’ medical 
records. To collect diagnostic status at 2.5 years after baseline, the partici-
pants’ medical records were reviewed again. For patients who had been re-
evaluated at a memory clinic, the medical records were reviewed to classify 
participants as “converted to dementia,” whereas in cases when non-dementia 
had been confirmed at least 1.5 years after baseline, the participant was clas-
sified as “not converted to dementia.” For participants who had not been re-
evaluated at a memory clinic, their primary care medical records were re-
viewed by a geriatrician. Evidence for conversion or non-conversion to de-
mentia was found by using established criteria. In the cases where information 
from the medical records was insufficient, MMSE scores from an UDDGait™ 
follow-up assessment at two years after baseline were used to support that the 
participant had not deteriorated cognitively. Higher, unchanged, or a maxi-
mum of one point lower MMSE score compared with the baseline results was 
judged to signify non-conversion to dementia [208] .  

Paper IV. The test and retest session of the reliability testing were led by the 
same physical therapist. For the retest session, the UDDGait™ assessment 
was carried out again after 10+/-4 days, except for demographic data, Geriatric 
Depression Scale 4-item, Clock Drawing test, and Trail Making Test A and 
B, which were not repeated (Table 2). 

Data analyses  
Measurement properties 
The evaluation of the TUGdt test outcomes involved different aspects of the 
measurement property validity (Papers I, II, and III). Aspects of validity are 
defined and used in various ways in the literature. In this thesis, the validity 
terms are based on the general use in rehabilitation medicine [173]. Through 
cross-sectional analyses of correlations between TUGdt performance and the 
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AD CSF biomarkers, the concurrent criterion validity of the TUGdt test out-
comes was evaluated (Paper I). The AD CSF biomarkers were considered 
measurement standard as they are established indicators of a concept [209]. 
Discriminative validity was studied by investigating the TUGdt test outcomes’ 
capacity to discriminate between diagnostic groups and healthy controls (Pa-
per II). Comparing groups of individuals who are expected to perform differ-
ently (“known-group comparisons”) is an established method to determine 
discriminative validity [173]. 

The investigation of the TUGdt test outcomes’ predictive capacity involved 
diagnostic data: dementia vs. non-dementia (Paper III). Because of the pro-
spective approach, this aspect of validity is labeled predictive validity [173, 
209].  

The other main measurement property, reliability, was studied using a test-
retest design (Paper IV). The test-retest design was chosen to study the extent 
to which the TUGdt test outcomes were the same over time for individuals 
who, in all probability, had not changed [174].  

Statistical analyses 
The SPSS version 25 (IBM Corp., Armonk, NY, USA), SAS® version 9.4 
(SAS Institute Inc., Cary, NC, USA), and R version 3.6.3 (R Core Team 2020) 
were used for analyses. Participants’ characteristics were summarized by 
means and standard deviations, or frequencies and percentages, when appro-
priate. The test outcomes were presented as medians with interquartile ranges, 
because they were not normally distributed. Statistical tests were two-tailed, 
and the significance level was set at p < 0.05. The statistical analyses used in 
each paper are presented below. 

Paper I. Spearman’s rank correlation was used for analyses between TUGdt 
test outcomes (i.e., time score, dual-task cost, number of words, and 
“words/10 s” for TUGdt NA and MB) and AD CSF biomarkers, adjusted for 
age, gender, and educational level. Additionally, correlations between cogni-
tive tests (MMSE and Verbal Fluency test scores) and CSF biomarkers, were 
analyzed. Subsequently, a sensitivity analysis that included only participants 
diagnosed with AD and MCI was carried out in order to substantiate that not 
only specific diagnoses explained the correlations. 

Paper II. Associations were examined between the TUGdt test outcomes (i.e., 
time score, dual-task cost, number of words, and “words/10 s” for TUGdt NA 
and MB) pairwise between groups using logistic regression models. Analyses 
were adjusted for age (as a continuous variable), gender, and educational level. 
The results were expressed as standardized odds ratios (sORs) with 95% con-
fidence intervals. For “number of animals” and “number of months,” as well 
as “animals/10 s” and “months/10 s,” the sORs expressed the risk increase per 
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one standard deviation decrease of the variable. For all other variables, the 
sORs expressed the risk increase per one standard deviation increase of the 
variable. Bonferroni correction was applied to account for multiple compari-
sons between the groups of main interest (adjacent groups regarding cognitive 
function): dementia vs. MCI, MCI vs. SCI, and SCI vs. healthy controls. Thus, 
the critical p-value was set to 0.05/3 = 0.0167. Receiver Operating Character-
istics (ROC) curves were constructed and the areas under the curves (c-statis-
tics) were analyzed to determine the discriminative capacity of the TUGdt test 
outcomes by the adjusted logistic regression models. 

Paper III. Logistic regression models were used to predict dementia incidence 
(Model 1: unadjusted; Model 2: adjusted for age (continuous variable), gen-
der, and educational level; Model 3: adjusted for age (continuous variable), 
gender, educational level, MMSE score, and Clock Drawing test score (di-
chotomized: 1–6 points or 7 points, signifying inadequate or adequate perfor-
mance). Results were expressed as sORs with 95% confidence intervals. As 
in Paper III, for “number of animals” and “number of months,” as well as 
“animals/10 s” and “months/10 s,” the sORs expressed the risk increase per 
one standard deviation decrease of the variable. For all other variables, the 
sORs expressed the risk increase per one standard deviation increase of the 
variable. In the adjusted models, tests of effect modification by age, as a con-
tinuous variable, and gender were performed on associations between TUGdt 
test outcomes and dementia incidence. When effect modification was statisti-
cally significant, analyses were carried out stratified by age (under the median 
age/median age and above) and/or by gender. To determine predictive capac-
ity, ROC curves were constructed for univariate and adjusted models, and c-
statistics were calculated. Incremental ROC curves were completed to show 
improvements of predictive capacity when TUGdt test outcomes were added 
to a model with demographic characteristics and standard tests alone. The c-
statistics were defined according to Hosmer et al: 0.5–0.7 signifies poor pre-
dictive capacity, 0.7–0.8 acceptable, 0.8–0.9 excellent, and 0.9–1.0 outstand-
ing [210].  

Paper IV. Quantile regression was used to calculate normative reference val-
ues for the TUGdt test outcomes for men and women respectively, in the age 
groups 50–59, 60–69, 70–79, and 80 years and older. A sensitivity analysis 
was carried out where participants with and without university education were 
analyzed separately for comparison, since a relatively high proportion of the 
participants (73%) had a university education. 

For evaluations of test-retest reliability, the repeated assessments of the 
TUGdt tests were analyzed by single measurement absolute agreement ICCs 
estimated from a two-way mixed effects (with participant as random factor 
and time as fixed factor) linear model. The TUGdt time scores and cost 
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measures were non-normally distributed and therefore log-transformed. Boot-
strap estimation was used for the 95% confidence intervals.  

In this thesis, the following limits were used to label levels of reliability: 
ICC < 0.4 denotes poor reliability, 0.4 ≤ ICC < 0.75 fair to good reliability, 
and ICC ≥ 0.75 excellent reliability [184]. For additional information of reli-
ability, SEM and MDC were calculated. Bland-Altman plots with median dif-
ferences and limits of agreement (2.5th and 97.5th percentiles) were used to 
quantify possible systematic error. A 95% confidence interval for a median 
difference that did not cover zero was defined as a statistically significant dif-
ference. Moreover, a sensitivity analysis was performed where only partici-
pants who carried out the retest within 10+/-4 days were included. 



 

 39

Results 

Paper I 
Significant correlations were found between certain TUGdt NA test outcomes 
and concentrations of CSF t-tau and p-tau: The number of animals named cor-
related negatively to t-tau (r = -0.281, p = 0.008) and p-tau (r = -0.267, p = 
0.012), and “animals/10 s” correlated negatively to t-tau (r = -0.267, p = 0.012) 
and p-tau (r = -0.249, p = 0.020) (Fig. 4). No correlations were found between 
Aβ42 and any of the TUGdt NA or TUGdt MB outcomes. Significant negative 
correlations were additionally found between MMSE score and t-tau (r = -
0.303, p = 0.004), MMSE score and p-tau (r = -0.302, p = 0.004), and Verbal 
Fluency test score and t-tau (r = -0.244, p = 0.025). 

A sensitivity analysis showed that the associations between TUGdt out-
comes and CSF biomarker levels were similar in a subgroup of patients with 
AD and MCI, to those in the entire sample. 

 
Figure 4. Associations between A) t-tau concentration and “animals/10 s,” and B) p-
tau concentration and “animals/10 s,” including the distribution of diagnoses.  

t-tau = total tau; p-tau = phosphorylated tau; TUGdt NA = Timed Up-and-Go dual-
task Naming Animals 
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Paper II 
The ranges of the TUGdt test outcome “animals/10 s” is presented across 
groups of individuals with dementia, MCI, SCI, and healthy controls in Fig 5. 

 
Figure 5. Boxplot showing the distribution of results for “animals/10 s” during Timed 
Up-and-Go dual-task Naming Animals across groups. 

MCI = mild cognitive impairment; SCI = subjective cognitive impairment; HC = 
healthy controls 

The analyses were focused on comparisons between adjacent groups regard-
ing cognitive function, i.e., dementia vs. MCI, MCI vs. SCI, and SCI vs. con-
trols. Several of the investigated TUGdt test outcomes showed discriminative 
capacity between the investigated groups.  “Animals/10 s” and “months/10 s” 
resulted in the overall highest standardized odds ratios (sOR) among the 
TUGdt test outcomes. For these test outcomes, the sORs were of similar 
strength in all comparisons, which is exemplified by “animals/10 s” in Table 
3.  Moreover, “number of animals” as well as “number of months” discrimi-
nated between all groups. Neither of the dual-task cost outcomes discrimi-
nated between groups. 
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Table 3. Standardized odds ratios of Timed Up-and-Go dual-task test outcome “ani-
mals/10 s”: dementia vs. mild cognitive impairment, mild cognitive impairment vs. 
subjective cognitive impairment, and subjective cognitive impairment vs. healthy con-
trols. 

All results are adjusted for participant age, gender and educational level. 
Statistically significant if p < 0.05, with Bonferroni correction if p < 0.0167. 
sOR = standardized odds ratio; CI = confidence interval; TUGdt NA = Timed Up-and-Go dual-
task Naming Animals; MCI = mild cognitive impairment; SCI = subjective cognitive impair-
ment; HC = healthy controls 

Paper III  
Of all TUGdt test outcomes, “animals/10 s” resulted in the highest sORs for 
dementia incidence in unadjusted and adjusted models in the total sample. An 
effect modification was found on “animals/10 s” by age as a continuous vari-
able in the adjusted models. The total sample was then stratified by the median 
age (72 years), and analyses were performed in these age groups. The associ-
ations between “animals/10 s” and dementia incidence in the total sample and 
among the younger participants are presented in Table 4. 

Table 4. Standardized odds ratios for conversion to dementia in the total sample and 
among participants younger than 72 years in unadjusted and adjusted models. 

Model 1: unadjusted. Model 2: adjusted for age, gender, and educational level. Model 3: ad-
justed for age, gender, educational level, Mini Mental State Examination, and Clock Drawing 
test. Statistically significant if p < 0.05.  
TUGdt NA = Timed Up-and-Go dual-task Naming Animals; sOR = standardized odds ratio; CI 
= confidence interval 

The area under the ROC curve (c-statistics) was 0.76 for “animals/10 s” in the 
total sample, and incremental ROC-curve analyses showed a marginal added 

   
sOR  

 
95% CI 

 
p-value 

TUGdt NA, animals/10 s Dementia vs. MCI 3.29 2.01–5.40 <.001 
 MCI vs. SCI 2.15 1.40–3.31 <.001 
 SCI vs. HC 2.85 1.79–4.52 <.001 

  Total Sample Participants < 72 years 
TUGdt NA, animals/10 s Model 1 

sOR (95% CI) 
p-value 

 
4.1 (2.3–7.2) 
<.001 

 
19.4 (3.5–106.2) 
<.001 

 Model 2 
sOR (95% CI) 
p-value 

 
3.1 (1.7–5.8) 
<.001 

 
20.9 (3.3–133.1) 
.001 

 Model 3  
sOR (95% CI) 
p-value 

 
1.9 (1.0–3.7) 
.067 

 
11.1 (1.9–71.3) 
.009 



 

 42 

value for this variable over the predictive capacity of age, gender, educational 
level, and MMSE score (Fig. 6B). The c-statistics for “animals/10 s” among 
patients younger than 72 years was 0.89. Adding “animals/10 s” to age, gen-
der, educational level, and MMSE score increased the c-statistics from 0.83 to 
0.91 (Fig. 6). Additionally, TUGdt NA showed to have a greater capacity com-
pared to the two original single-task tests that it is based on, i.e., TUGst time 
score and Verbal Fluency score for predicting dementia conversion among the 
participants younger than 72, with c-statistics increasing from 0.86 to 0.89. 

 
 

Figure 6. Receiver Operating Characteristic curves presenting prediction of progres-
sion to dementia from mild and subjective cognitive impairment among participants 
aged 72 years and younger. A) Predictive capacity of “animals/10 s,” B) Red curve: 
Predictive capacity of age, gender, educational level, Mini Mental State Examination 
score; Blue curve: “Animals/10 s” added to age, gender, educational level, and Mini 
Mental State Examination score. 

Paper IV  
Reference values for the TUGdt test outcomes were presented by the 2.5th and 
97.5th percentile for women and men in the age groups 50–59, 60–69, 70–79, 
and ≥ 80 years. The reference values represent the upper and lower limits of 
95% of the healthy controls in each age and gender group. Table 5 presents 
the test outcome “animals/10 s” among women and among men in age groups.  
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The reliability of TUGdt NA and MB time scores was excellent (ICC = 0.85; 
0.86) [184]. “Number of animals,” “animals/10 s,” as well as “months/10 s” 
showed fair to good levels of reliability (ICCs between 0.45 and 0.58), 
whereas the reliability for both cost measures and “number of months” was 
poor (ICCs between 0.34 and 0.39) (Table 6). Overall, the reliability of the 
TUGdt NA test outcomes appeared to be slightly higher than that of the 
TUGdt MB test outcomes. For TUGdt NA time score, the SEM was 0.95 and 
MDC 2.63, and for “animals/10 s,” the SEM was 1.33, and MDC 3.69.  

Table 6. Intra-class correlation coefficient estimates for Timed Up-and-Go dual-task 
test outcomes with 95% bootstrap confidence intervals. 

Dual-Task Test Result ICC Estimate (Bootstrap CI 95%) 
TUGdt NA  
  Time score (s) 0.86 (0.77–0.91) 
  NA cost (%) 0.34 (0.10–0.54) 
  Number of animals 0.57 (0.39–0.69) 
  Animals/10 s 0.58 (0.37–0.74) 
TUGdt MB  
  Time score (s) 0.85 (0.74–0.92) 
  MB cost (%) 0.39 (0.21–0.56) 
  Number of months 0.38 (0.10–0.60) 
  Months/10 s 0.45 (0.20–0.67) 

ICC = intra-class correlation coefficients; CI = confidence interval; TUGdt NA = Timed Up-
and-Go dual-task Naming Animals; TUGdt MB = Timed Up-and-Go dual-task Months Back-
wards 

The Bland-Altman plots revealed significant median differences for TUGdt 
MB time score (0.23, 95% CI 0.12 to 0.75), and for TUGdt NA animals/10 s 
(-0.79, 95% CI -1.06 to -0.18) (Fig. 7). These differences signified a slower 
TUGdt MB performance the second test session compared with the first, and 
fewer animals named per 10 s. the second test session compared with the first. 



 

 45

 
Figure 7. Bland-Altman plots for A) Timed Up-and-Go dual-task Months Backward 
time score (original values, i.e., prior to log transformation), and B) Timed Up-and-
Go dual-task Naming Animals “animals/10 s”. Reference lines for median difference 
and limits of agreement. 
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Discussion 

To the author’s knowledge, the TUGdt tests used in the studies in this thesis, 
i.e., the specific test components, instructions, and outcomes, have not previ-
ously been studied. In particular, the use of “words/10 s” as presented in this 
thesis, appears to be the very first based on TUG and the cognitive tasks NA 
or MB. Because of the novelty of the test outcome “animals/10 s,” and the 
findings regarding its I) association to neurodegeneration as determined by the 
CSF biomarkers t-tau and p-tau, II) discriminative validity between dementia, 
MCI, SCI, and controls, III) predictive validity in predicting dementia, and 
IV) fair to good reliability among controls, this test outcome will be of partic-
ular focus in the following sub-sections, in which the results of Papers I–IV 
are discussed.  

Validity 
Cross-sectional validity 
The concurrent criterion validity of TUGdt test outcomes in relation to AD 
CSF biomarkers was explored in Paper I. The associations found between cer-
tain TUGdt NA test outcomes and CSF t-tau and p-tau indicated that these 
outcomes are valid measures for neurodegeneration in the investigated sam-
ple. That is, since t-tau and p-tau are established indicators of neurodegenera-
tion, the significant correlations suggest that the test outcomes “number of 
animals” and “animals/10 s” partly measure the same construct. On the one 
hand, t-tau and p-tau are relevant criteria for the construct as they are biolog-
ical markers without any component of subjective evaluation. On the other 
hand, t-tau and p-tau are not specific to dementia-related neurodegeneration 
but may reflect other types of neurodegenerative processes [211, 212]. The 
AD pathology is supported by a certain profile of elevated levels of t-tau and 
p-tau in combination with low levels of Aβ42 in CSF, which has high sensitiv-
ity and specificity for the detection of AD [57]. Since the associations in Paper 
I were not found between TUGdt test outcomes and the AD CSF profile in its 
entirety, these test outcomes should not be seen as valid measures specifically 
for AD. Moreover, the validity of the measures is conditional upon the sample. 
The sample comprised first visit memory assessment patients for whom it was 
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considered relevant to analyze AD CSF biomarkers, most likely due to as-
sumed AD. Presently, it is not possible to draw conclusions on the validity of 
the TUGdt test outcomes beyond this current sample.  

It has previously been shown that individuals with SCI are more likely than 
controls to present an AD-typical pattern of CSF biomarkers [90] and that the 
pattern, on the group level, becomes increasingly abnormal in the stages from 
SCI to MCI, and further to AD [213]. A subgroup analysis of the validity of 
TUGdt test outcomes in the SCI group in the current sample was not possible 
to carry out due to the limited subgroup size. 

The lack of associations between TUGdt performance and CSF Aβ42 may 
be explained by the notion that Aβ42 concentrations become abnormal very 
early in the AD disease progression and then stabilize at abnormal levels 
[214]. Similarly, a more recent study has concluded that dual-task impair-
ments are associated with tau pathology, rather than with Aβ42 among patients 
with MCI [215]. However, associations between dual-task cost and Aβ42 have 
been found in a sample of healthy controls, MCI, and mild AD [155]. The 
divergent results found in that study, compared to Paper I, may be explained 
by dissimilar samples and the use of different cognitive tasks and instructions. 

In Paper II, the TUGdt test outcomes “animals/10 s” and “months/10 s” 
discriminated between group of individuals with dementia vs. MCI, MCI vs. 
SCI, and SCI vs. controls. The discriminative validity was determined by 
“known-group” comparisons [173], where clinical diagnoses – and absence of 
diagnosis – were used to define the groups. Cognitive disorder diagnoses are 
well-defined constructs according to established standards; however, the dis-
tinctions between dementia, MCI, and SCI are not unequivocal. Especially, 
the exact time for diagnosis depends on many factors. For example, one cen-
tral distinction between MCI and dementia is that in the latter, ADL is af-
fected. Depending on an individual’s previous choice of activities and what 
could be considered an affected performance, this distinction may be complex. 
For an individual whose spouse handles all of the more complex ADLs (not 
because the individual is not capable, but out of habit or tradition), a decline 
in ADL that would be evident in other individuals may go far before being 
noted. In summary, clinical diagnoses of cognitive disorders are not com-
pletely clear-cut, but they are the most relevant groups to use for evaluating 
the TUGdt test outcomes’ discriminative validity. 

Comparing different test outcomes’ discriminative validity between studies 
is not uncomplicated, since the designs of the dual-task test vary widely. In 
two previous studies, TUG combined with cognitive tasks (NA, and continu-
ous subtraction by ones starting from 100, respectively) were used to investi-
gate discrimination between cognitive disorder diagnoses and healthy con-
trols. In those studies, dual-task time scores could differentiate between AD, 
MCI, and healthy controls [154, 155]. Similarly, in Paper II, both TUGdt NA 
and MB time scores could differentiate between dementia, MCI, and healthy 
controls. It is to be noted that individuals with SCI rarely have been included 
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in previous discriminative dual-task studies [153]. When included, neither 
dual-task gait speed nor dual-task gait cost (test components involving six me-
ter straight-line walking while naming animals, or continuous subtractions by 
ones or by sevens) has shown capacity of discriminating between SCI and 
MCI [153]. Similarly, in Paper II, TUGdt time scores – which are not equiva-
lent to dual-task gait speed, however related – and dual-task cost did not dis-
criminate between SCI vs. MCI. Interestingly, when combining the motor and 
verbal results by using “animals/10 s,” the distinction between SCI and MCI 
could be made.  

In Paper IV, age- and sex-specific normative reference values were pre-
sented. The validity of these reference values to correctly discriminate indi-
viduals with and without dementia has not yet been analyzed. An important 
point when considering the reference values in relation to classification and 
clinical utility is that the reference values should not be viewed as cut-off 
measures. The reference values merely give cross-sectional information, not 
predictive, and should be regarded as an indication of the range of a cogni-
tively healthy performance.  

Predictive capacity 
In Paper III, the results suggested that there is potential for “animals/10 s” to 
predict dementia incidence in the total sample. An effect modification was 
found by age as a continuous variable in adjusted models, and therefore anal-
yses were performed stratified by age.  

The finding that the predictive validity of TUGdt testing was weaker in 
higher age corresponds with previous studies involving different methods that 
are used to detect pathological processes. Several diagnostic methods are in-
sensitive in higher ages, either because of lack of expected pathology, or a 
presence of pathological findings that will not develop into clinical symptoms 
within the individual’s lifetime [216, 217]. A mixed neuropathology – includ-
ing normal age-related changes – is often seen with advancing age [197, 218]. 
In contrast, younger memory clinic patients are more likely to have non-de-
generative reasons for their cognitive complaints, e.g., depression or stress 
[90]. Possibly, these underlying causes for cognitive decline have little effect 
on dual-task ability, which would explain the strong predictive validity of 
TUGdt “animals/10 s” among younger patients. 

The predictive validity of TUGdt NA among the younger half of the sample 
was further substantiated by showing that “animals/10 s” added predictive ca-
pacity to a model of age, gender, educational level, MMSE, and Clock Draw-
ing test. Thus, “animals/10 s” entailed additional information about who 
would convert among younger patients with SCI or MCI, apart from what was 
revealed by demographic characteristics and the cognitive tests that are in-
cluded in a base memory assessment.  
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To the author’s knowledge, previous longitudinal studies of dual-task tests 
and dementia incidence have not analyzed the predictive validity of test out-
comes in different age groups. However, several test outcomes have previ-
ously shown predictive capacity in different populations: In studies involving 
straight-line walking, measures of gait variability have shown potential to pre-
dict dementia among individuals with MCI (cognitive task: continuous sub-
tractions) [157] as well as among healthy adults above the age of 70 (cognitive 
task: reciting alternate letters of the alphabet) [158]. Dual-task gait speed [157] 
and dual-task gait cost [125] have shown to predict conversion from MCI to 
dementia (cognitive task: continuous subtractions). On the other hand, among 
cognitively healthy older adults, it was found that dual-task gait speed (cogni-
tive tasks: reciting alternate letters of the alphabet, or naming animals with a 
specific first letter) was not associated with future cognitive decline as meas-
ured by clinical cognitive tests [106, 219]. The only previous dual-task study 
that involved TUG and prediction of dementia did not show any associations 
between dual-task time score or dual-task gait cost and progression to AD 
among individuals with MCI (cognitive task: continuous subtractions) [155]. 
Based on these previous studies, it appears that the results are highly depend-
ent on the choice of test components, test outcomes, and population. 

Reliability  
The reliability of the test outcomes among cognitively healthy individuals var-
ied from poor to excellent, which is comparable with previous study results 
involving similar dual-task test outcomes [179, 183]. The excellent levels of 
reliability for the TUGdt time scores further confirms that the speed of perfor-
mance is a reliable measure, possibly explained by the participants con-
sciously following the instructions to keep walking if they did not know what 
to say, and/or unconsciously by the posture-first strategy [183, 220]. The ver-
bal outcomes, represented by the number of words (number of different ani-
mals, and number of months recited in correct reverse order) produced during 
TUGdt NA and MB, showed a lower level of reliability than the time scores. 
Similar results have been found in previous dual-task studies [220] and are 
explained by cognitive measures being variable by nature [179]. Additionally, 
the motor task, even though it requires higher cortical involvement, should be 
seen as a more automatized task than the cognitive tasks that were used. This 
implies that a verbal mistake or hesitation during testing impacts the verbal 
test outcomes and does not primarily affect the speed of the mobility perfor-
mance. Moreover, since the duration of the TUGdt tests is limited, a random 
verbal mistake may have a large impact on the verbal test outcomes. Verbal 
mistakes may affect the verbal performance negatively. However, there is no 
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possibility of such random variability that would positively influence the per-
formance. Thus, for the clinical use of the test, it is possible that this could 
weaken the specificity of the test, but not its sensitivity.  

A known concern with cognitive tests is the risk of a learning effect [221], 
and it would be conceivable that TUGdt NA and MB would imply such an 
effect. The Bland-Altman plots of TUGdt MB time score and TUGdt NA “an-
imals/10 s” suggested systematic error, but in the opposite direction of what 
could be explained by learning. That is, the performances appeared not to be 
improved, but impaired at the second test occasion compared with the first 
one. Since the differences were numerically small and no other TUGdt varia-
bles showed significant differences between the test occasions, the error may 
be seen as due to random error. 

The TUGdt test outcomes “animals/10 s” and “months/10 s” showed fair 
to good reliability.  The reliability of these measures is naturally affected by 
cognition being variable, as mentioned above. Moreover, they are ratios of 
two measures, which can influence the reliability negatively by inflated sys-
tematic error [183]. Interestingly, despite these built-in challenges, these 
measures showed a level of reliability that permits potential clinical useful-
ness. Dual-task test outcomes that represent “number of words per time unit” 
are rarely used in previous research, and previous investigations of their reli-
ability seem to be lacking.  

The TUGdt cost measures were based on time scores and could therefore 
be assumed to entail reliable results. However, these outcomes were also cal-
culated by the ratio of two other measures and have consistently – by the use 
of different dual-task designs – been shown low levels of reliability [179, 183, 
186]. These findings have led to calls for awareness when using dual-task cost 
as a test outcome [179, 186]. 

Results from all reliability testing should be interpreted with consideration 
of how the test is meant to be used [222]. The MDC of “animals/10 s” sug-
gested that a change of at least four animals/10 s would signify a true change. 
This high number indicates that TUGdt NA most likely cannot be used to 
evaluate change over time. However, the aim of TUGdt NA is mainly to iden-
tify or predict dementia at one test occasion, and for this purpose, the level of 
reliability appears to be sufficient. The primary reason for this argument is the 
notion that validity depends on reliability [173], and the predictive validity of 
“animals/10 s” as shown in Paper III, was strong. That is, if a measure is not 
sufficiently reliable, it cannot be valid, since it would not provide a relevant 
estimate of the ability it intends to measure.  
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Methodological strengths and limitations 
Setting and participants 
A central strength of the methods used is the clinical setting. The TUGdt tests 
were carried out without the use of laboratory equipment, which reinforced 
the ecological validity [223], i.e., similarity to real-world activities, although 
this aspect of validity was not explicitly studied. On the other hand, since pa-
tients followed the clinical routine, the memory assessment methods differed 
between individuals which entailed that not all data (e.g., AD CSF biomarker 
concentrations) were available for all participants. Moreover, for Paper III, the 
patients were not invited for a follow-up memory assessment specifically for 
the purpose of the study, but visits were scheduled according to the routines. 
The use of supplemental information to determine presence or absence of de-
mentia at follow-up, instead of using diagnoses based on complete re-evalua-
tions at the memory clinic, may be considered a limitation. The complemen-
tary reviews were however performed by an experienced geriatrician and 
based on established criteria, which was judged to be trustworthy. For cases 
where the diagnostic information was lacking, MMSE scores were used to rule 
out the presence of dementia, which should be seen as a less precise method. 
However, for determining non-conversion to dementia, a higher, unchanged 
or maximum one point less MMSE score was required. Previous research has 
shown that changes in MMSE scores of 2–4 points indicate a reliable change 
[208]. Although MMSE has shown bluntness as a stand-alone diagnostic tool, 
it has shown effectiveness in ruling out dementia [224]. 

Classification of MCI subtypes was not part of the clinical routine at the 
memory clinics; therefore such information was not available in the patients’ 
medical records. Previous dual-task research has shown that amnestic and 
non-amnestic MCI can be differentiated by dual-task gait speed and dual-task 
gait cost [175]. The classification of MCI subtypes could indeed have contrib-
uted with further knowledge in the prediction of specific dementia disorders, 
as the MCI subtypes may give information on the presumed etiology [35]. 

The inclusion of patients with SCI in Papers I–III was considered a 
strength. It is important to include individuals in research that are in early 
stages of the disease progression leading to dementia, both for the opportuni-
ties of timely pharmacological treatment, and for the possibilities of ruling out 
a dementia diagnosis among individuals who are struggling with worry and 
withdrawal because of their concerns of a progressive cognitive decline [225].  

Although SCI has been suggested to be the most relevant stage to target 
dementia prediction [198], individuals diagnosed with SCI are lacking in pre-
vious predictive dual-task studies. In Paper III, only two individuals had con-
verted to dementia from SCI after 2.5 years, which ruled out an analysis of the 
SCI subgroup in that material. A longer time to follow-up in the same sample 
would imply that more individuals have converted to dementia, which would 
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enable analyses of the predictive validity of the TUGdt test outcomes among 
patients with SCI.  

For cognitively healthy controls (Papers II and IV), the normal cognitive 
function was confirmed by the inclusion criterion of an MMSE score > 27. 
Nevertheless, the sample may well have included individuals with preclinical 
dementia. In order to ensure that the sample consisted only of truly healthy 
controls, a process of prospective exclusion of diagnosed individuals would 
have had to be carried out after a certain time, which was not considered fea-
sible. Moreover, the healthy controls in the reference sample were recruited 
in university cities and the proportion of participants with university level ed-
ucation was high, which may have affected their test performances. However, 
a sensitivity analysis was carried out in this sample, which resulted in negli-
gible differences related to educational level. Furthermore, the reference sam-
ple was recruited in age groups from the age of 50 years and above, since 
patients younger than that are rarely afflicted by cognitive disorders. However, 
as seen in Paper II, younger individuals – as young as 39 years old – were 
included, which is why additional age groups in the reference sample could 
have been clinically useful.  

All study participants were Swedish-speaking, and the need of an inter-
preter was an exclusion criterion. Since the TUGdt testing involved verbal 
performance, generalizing the findings to other languages should be made 
with caution. The cognitive tasks NA and MB in their original, single-task 
form are used in different languages [226, 227], and in previous dual-task 
studies, languages such as English or Portuguese have been used for the cog-
nitive task NA [154, 156]. However, direct comparisons between languages 
remain to be investigated.  

The Timed Up-and-Go dual-task tests  
The TUGdt testing procedures were previously tested and developed in a pilot 
study [199], and all TUGdt tests were led by trained physical therapists. The 
TUGdt testing were carried out before diagnoses were made, which mini-
mized the risk of observer bias. In the following subsections, strengths and 
limitations concerning the TUGdt test components, test instructions, and test 
outcomes, are discussed. 

Test components 
The test components were carefully chosen based on clinical experience and 
previous research [144, 160, 199, 228]. The choice of using TUG as the motor 
task, instead of the more frequently used straight-line walking, was based on 
the advantages of using a more complex mobility task. The complexity of the 
TUG subtasks [118] challenges executive functions more than gait alone [78] 
and could thereby be more sensitive to such dysfunction. Executive dysfunc-
tion may be indicated by a prolonged TUG time score because TUG involves 
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fluid transitions between the subtasks [77], something that is not embodied in 
straight-line gait speed. Apart from executive function, TUG is related to spa-
tial orientation, which is an early symptom of AD [229]. The TUG has also 
shown associations with ADL [74, 98], which is relevant based on the diag-
nostic criterion for dementia involving ADL decline.  

Both of the cognitive tasks used in the TUGdt testing were based on well-
established tests of cognitive function [227, 230]. The choice of using NA as 
the cognitive task in the TUGdt NA, was based on recommendations and pre-
vious experience [144, 160]. On the other hand, MB was previously unknown 
as a dual-task test component. The choice of the cognitive tasks was based on 
the notion that the original, single-task tests NA and MB challenge cognition 
somewhat differently. Both NA and MB test semantic memory and executive 
function, but MB targets the working memory to a larger extent [227, 230, 
231]. When structuring the UDDGait™ assessment, the MB was thought to 
be more challenging than NA, which is why the tests TUG, TUGdt NA, and 
TUGdt MB were consistently carried out in this order, and not randomized. 
The assumption of differences in difficulty between the TUGdt tests appeared 
to be accurate; in the total sample in Paper II, only one participant discontin-
ued the TUGdt NA, and six participants discontinued the TUGdt MB. 

An often-recommended cognitive task in dual-task testing is continuous 
subtractions by sevens from 100 or 50 [126, 170]. However, even though it is 
central for the cognitive task to be attention-demanding, it should not cause 
undue stress [70]. Mathematical skills may differ largely among individuals, 
and the performances of individuals who are not comfortable with mathemat-
ical tasks are severely affected [70]. Moreover, using subtractions as a cogni-
tive task has implied results that are associated with educational level, while 
using verbal fluency did not [140]. On the other hand, if the cognitive task is 
too automatized, such as counting by ones, or reciting the alphabet, the rhyth-
mic feature of the cognitive task may facilitate the motor task [123]. The use 
of an easy task could therefore, as put forward by the cross-talk theory, elim-
inate the effect of “brain stress test.” This notion of appropriate level of diffi-
culty is of course dependent on the cognitive function of the target population. 
Based on the findings in Papers I–IV, the level of difficulty of the cognitive 
tasks NA and MB in combination with TUG, appeared to be appropriate in 
order to produce useful outcome measures.  

Test instructions 
The instructions given by the test leader were standardized, since it is known 
that the instructions given in performance-based tests and in dual-task testing 
may affect the performance [118, 159] and that standardization controls for 
that source of variability [173]. Because the motor task was instructed to be 
performed at a self-selected, comfortable pace, and the cognitive task mean-
while, neither of the tasks was to be performed as fast as possible. Also, the 
motor task should be finalized if the participant did not know what to say, 
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which would give them an opportunity to complete the test without an appar-
ent feeling of failure. The purposes of these instructions were to avoid other 
strategies of prioritization and to decrease the possible perceived discomfort 
that may characterize conventional tests of cognitive function, in which the 
individual commonly is forced to expose his/her incapacity. 

The importance of instructions may also be related to dual-task theories. 
According to the bottleneck theory, tasks cannot be processed simultaneously, 
and resource allocation favors one task [115], which gives more importance 
to the instructions of priority. The bottleneck theory has been criticized in cog-
nitive-motor dual-tasking since two tasks can evidently be performed in sev-
eral everyday activities (e.g., playing instruments or doing sports) [232]. How-
ever, this critique does not consider the precondition of dual-task testing as 
defined by McIsaac et al. [115], namely that the two tasks should have differ-
ent goals. Moreover, it is possible that bottleneck processes occur at such high 
speed that alterations in dual-task performance are imperceptible when the 
tasks are more automatized [232]. The importance of instructions is also sup-
ported by the capacity sharing theory, since performances of separate tasks are 
thought to compete for the joint capacity, and intentional priority of one task 
naturally favors this task.  

Thus, the instructions used for the TUGdt testing were chosen with care 
based on several considerations. However, unintentional strategies such as the 
posture-first or posture-second strategies [164-166] cannot be controlled for 
by standardized instructions. Therefore, regardless of instructions, it should 
be essential to use test outcomes that include the performance of both tasks.  

Test outcomes 
Several TUGdt test outcomes were explored in Papers I–IV: time scores, num-
ber of words, dual-task costs, and “words/10 s.” Overall, “words/10 s” during 
TUGdt NA, i.e., “animals/10 s” excelled among the test outcomes. This could 
be understood by the effect of combining the results of both included tasks in 
one measure. The use for this combined measure decreased the possible influ-
ence of prioritization between tasks, which most likely was the case in test 
outcomes that focused on one of the tasks. The risk of floor effects is judged 
to be small in the target population, even though among patients with ad-
vanced cognitive impairment, the measure may result in zero animals named 
per 10 seconds. There is no risk of a ceiling effect. 

The use of verbal performances as test outcomes places high demands on 
the accuracy of these results. The participants’ verbal performances (the num-
ber of different animals, and the number of months recited in correct reverse 
order) were collected by listening to the video recordings subsequent to the 
testing. All verbal performances were additionally validated by another mem-
ber of the research team, which resulted in more trustworthy numbers than if 
these had been counted during testing.  
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Dual-task cost is one of the best-established dual-task test outcomes [3]. 
However, in Papers I–IV the TUGdt cost measures did not show any signs of 
usefulness. This could be explained by methodological differences between 
the current TUGdt tests and other test designs, both by the use of the TUG as 
the motor task, being more demanding than straight-line walking and thereby 
causing the relative differences between single- and dual-task performances 
to be less useful, and also by the instructions of prioritizing the motor task 
over the verbal one. Moreover, the use of presenting dual-task cost related 
only to gait – without including the cost of the cognitive task – has been dis-
puted, since important information may be missed [233, 234].  

Dual-task cognitive cost was not used as a test outcome in Papers I–IV, 
because the data collection did not include single-task verbal testing for this 
purpose. In order to calculate the dual-task cognitive cost, the participant’s 
time duration of each dual-task test would be used to establish the time for 
their single-task verbal tests. Single-task verbal tests would then be performed 
during this time duration, and the relative difference in number of words be-
tween single- and dual-task performances would be the outcome [235]. Such 
results, along with dual-task gait cost, could have brought about further un-
derstanding of prioritization between tasks.  

Additional data collection 
Apart from the TUGdt testing, the UDDGait™ assessment included clinical 
cognitive and functional tests. The cognitive tests were chosen based on the 
clinical routine. For example, MMSE was used since it is a standard test in 
base memory assessments as recommended by the Swedish National Board of 
Health and Welfare [11], while the Montreal Cognitive Assessment (MoCA) 
was not, although it has been suggested to be more informative than MMSE 
for patients with MCI [236]. The functional physical tests were carried out for 
descriptive purposes. However, the standing balance test and the short version 
of General Motor Function Assessment Scale showed ceiling effects; there-
fore more challenging tests could have provided further descriptive infor-
mation.  

Data analyses 
Power 
The power calculation that was carried out prior to the inclusion of patients to 
the UDDGait™ assessment was partly based on presumptions of the predic-
tive capacity of TUGdt cost. However, as demonstrated in this thesis, the 
TUGdt cost measures did not show any capacity to predict dementia. On the 
other hand, the samples were sufficiently large to show statistically significant 
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results for the predictive capacity of e.g. “animals/10 s”. All analyses of sub-
samples of interest, however, were not possible to carry out due to the limited 
sample sizes. The sample sizes in Papers I and III did not allow for criterion 
validity or predictive validity to be evaluated in the SCI subgroup. Similarly, 
in Paper III, the number of individuals with specific dementia disorders at fol-
low-up was too low for separate analyses of predictive validity. Given that 
gait velocity and balance generally are more affected in non-AD dementias 
than in AD [103, 237], subgrouping the dementia group could entail findings 
that certain TUGdt test outcomes are more associated with certain dementia 
diseases. Moreover, a larger sample in Paper III could have enabled explora-
tion of the optimal threshold for the age limit, instead of using the median 
value. 

For the reliability testing, the study sample was on the lower side according 
to certain recommendations, in which a minimum of 50 participants is consid-
ered adequate [238]. However, the sample was well over 30 participants, 
which is recommended elsewhere [239]. 

Measurement properties 
To provide different perspectives of validity, concurrent criterion validity, dis-
criminative validity, and predictive validity were chosen. Several other as-
pects of concurrent criterion validity could have been analyzed, e.g., by using 
brain images. However, due to the clinical focus of UDDGait™, and lack of 
resources for such analyses, the clinical diagnoses were mainly used.  
As concerns the reliability testing, the test and retest sessions were carried out 
according to established recommendations for such studies, i.e., similar test 
conditions, control for stability between sessions, and the use of an appropriate 
time interval [189]. There were deviations from the set time interval of 10+/-
4 days, which could be seen as a limitation. However, results from a sensitivity 
analysis in which only participants who carried out the retest within 10+/-4 
days were substantially similar to those of the entire sample. Furthermore, for 
practical reasons, the test and retest sessions were not performed at the same 
time of day, which could have been done to minimize the risk of variability. 
Additional aspects of reliability, such as inter-rater reliability was not investi-
gated, but standardized instructions were used, which decreased the risk of the 
test leader acting differently on different occasion and thereby influencing 
motivation and test performance [173].  

Reliability testing should be carried out in the target population [240]. 
However, the current thesis presents results from reliability testing among 
cognitively healthy individuals as a first step, and data collection among indi-
viduals with cognitive disorders is ongoing. Previous studies have indicated 
that several dual-task test outcomes’ reliability is on comparable levels to that 
of cognitively healthy individuals [181]. However, because of the nature of 
cognitive disorders, these individuals may have difficulties in comprehending 
instructions, executing appropriate motor actions, as well as remembering 
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them during the testing [241], meaning that a higher variability could be ex-
pected.  

Statistical analyses 
In Paper I, non-parametric correlation coefficients by Spearman’s rank test 
were used to assess relationships, and adjustments were made for potentially 
confounding variables (age, gender, educational level). The inclusion of mul-
tiple test outcomes in the analyses may be considered a limitation, as it implies 
a risk of inflated Type 1 errors. However, the explorative outset implied a 
number of analyses. The results should be confirmed in other studies. 

In Papers II and III, results from the logistic regression analyses were ex-
pressed as sORs, i.e., odds ratios per increase or decrease of one standard de-
viation of the variables, in order to compare the capacity of the test outcomes 
regardless of their measurement units. Potentially confounding variables were 
considered by adjustments for age as a continuous variable, gender, and edu-
cational level. Moreover, in Paper II, Bonferroni correction was applied to 
reduce the risk of an inflated type I error due to multiple testing between 
groups. The comparisons were made between the groups that are clinically 
challenging to differentiate between, i.e., dementia vs. MCI, MCI vs. SCI, and 
SCI vs. healthy controls. Thus, those three comparisons resulted in the critical 
p-value 0.05/3 = 0.0167. Potentially, Bonferroni correction may increase the 
probability of type II errors, and therefore the statistical significance with and 
without correction was clarified for all p-values in Paper II. 

In Paper III, logistic regression models were used. Instead, Cox regression 
analyses, which allow taking into account the time to diagnosis, could have 
been carried out. However, due to the uncertainties of the exact time of a di-
agnosis and the relatively short follow-up time, the Cox method was judged 
to be less relevant in this material. The stratification by median age (72 years) 
that was carried out after finding a strong effect modification of age as a con-
tinuous variable on TUGdt NA could be questioned. The split is justified 
mathematically by being the median age in the sample and was not set as a 
threshold based on previously established age limits (e.g., 65 years). In the 
younger age group in the sample, there were relatively few participants who 
converted to dementia. This resulted in wide confidence intervals, implying 
that the associations could be anything from moderate to very strong. 

In Paper IV, reference values were calculated by quantile regression by age 
and sex. This method takes into account that reference values vary by covari-
ates and is preferable to direct calculation of percentiles within subgroups due 
to the difficulty of calculating confidence intervals for extreme percentiles in 
small samples. The statistical analyses used for test-retest reliability – ICC, 
SEM, MDC, and Bland-Altman plots – are recommended methods for this 
purpose [189]. 
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Conclusions and future perspectives 

Conclusions  
The main conclusion is that the TUGdt tests, in particular TUGdt NA, can 
provide useful information in memory assessment of patients with cognitive 
disorders. Specifically, the TUGdt NA test outcome “animals/10 s” has shown 
potential for early detection of dementia disorder.  

 The TUGdt NA “number of animals” and “animals/10 s” were as-
sociated with neurodegeneration, as determined by concentrations 
of the AD CSF biomarkers t-tau and p-tau. 

 The TUGdt NA “animals/10 s” and TUGdt MB “months/10 s” 
demonstrated high discriminative capacity between groups of indi-
viduals with dementia, MCI, SCI, and healthy controls.  

 The TUGdt NA “animals/10 s” predicted dementia incidence and 
improved models with demographic characteristics and standard 
cognitive tests regarding the prediction of conversion from SCI or 
MCI to dementia, particularly among patients younger than 72 
years. Furthermore, among the younger patients, dual-task testing 
showed evidence of added value compared to the original single-
task tests. 

 Age- and sex-specific normative reference values for TUGdt NA 
and MB test outcomes, potentially useful for research and clinical 
purposes, were presented. The test-retest reliability analyses indi-
cated excellent reliability for TUGdt NA and MB time scores, and 
poor to good reliability for the other TUGdt test outcomes. The re-
liability of  TUGdt NA “animals/10 s” was fair to good, which was 
judged as sufficient for the purpose of one-assessment testing. 

Clinical implications and future perspectives 
From a clinical point of view, the TUGdt NA is a feasible test: it is quick and 
does not require extensive test leader training or advanced technical equip-
ment, and the test results are easy to analyze. From a patient’s perspective, 
this test can be argued to be less stressful than many other tests involved in 
memory assessment. Used as a tool ahead of any memory assessment, the 
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TUGdt NA could become an aid in determining if specialist assessment is 
needed. Or, as a part of a base or extended memory assessment, the test could 
be useful as an alternative or a supplement to other assessments. Either ahead 
of, or as a part of a memory assessment, the TUGdt NA could improve the 
care path for people with cognitive disorders, and lead to earlier initiated phar-
maceutical and non-pharmaceutical interventions that may improve their cog-
nitive function and quality of life.  

This thesis involves evaluation of validity, initial investigations of reliabil-
ity, and presentation of normative reference values. However, further research 
should be carried out before TUGdt testing could be used clinically for diag-
nostic or prognostic purposes. Such studies should involve diagnostic accu-
racy including determining cut-off values with appropriate levels of sensitivity 
and specificity, studies of reliability among individuals with cognitive disor-
ders, and specific investigations of applicability, feasibility, and implementa-
tion. Additionally, an elaborate manual including the standardized test proce-
dure, use of the scoring, and handling of the results would be a requirement 
for clinical use. Apart from these studies, there are numerous possible future 
perspectives to explore based on the findings presented, only a few of which 
will be addressed here. 

The simplicity of the TUGdt tests is highlighted as a strength. The testing 
procedure could be made even simpler by omitting the cameras and only using 
a device for audio uptake. In that case, the only equipment needed for the test 
would be a chair and means to record sound and measure time, both of which 
are available in any mobile phone. On the other hand, since gait patterns differ 
across dementia subtypes [242], incorporating measures of gait parameters 
could add diagnostic value to the TUGdt tests. Portable devices such as inertial 
sensors that register gait parameters could therefore be explored in future in-
vestigations. Given the rapid technological advances of user-friendly devices 
[243, 244], the TUGdt test could be developed technologically without losing 
the advantage of clinical simplicity.  

The composition of the TUGdt tests could enable further clinical applica-
tions. For physical therapists, observation of a dual-task test performance – 
particularly when involving one of the best-established tests of functional mo-
bility, i.e., TUG – could imply findings of different character. Detection of 
physical impairments, fall risk, or risk of physical inactivity are possible areas 
of future studies. As such, the TUGdt tests would not be limited to revealing 
cognitive function but could be used as clinical tools with multiple areas of 
applications. Specific focus on the TUGdt subtasks, e.g., gait initiation or turn-
ing, have previously been suggested to entail information of dual-task inter-
ference [118] and could reveal information that is useful regarding both cog-
nitive and functional status. Also, such investigations could raise awareness 
about the cognitive aspect of functional tests. That is, tests that are proposed 
to measure physical function in which simultaneous attention to mobility and 
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cognition is required, such as real-world walking [245], may not result in 
measures that solely reflect physical ability.  

In summary, this thesis may be seen as a contribution to the knowledge of 
how dual-task testing could potentially be used for early detection of dementia 
disorder, as well as a stepping-stone for further studies. 
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