
Methods 
 
Study 1: Web-based testing  
● 878 participants aged between 18 and 70 were recruited for web-based 

testing, and were matched to 94 participants assessed in a supervised setting on 
age and gender.  

 
● Participants completed an adaptive test of episodic memory (Paired Associates 

Learning - PAL) from CANTAB, alongside other tests of memory (Delayed 
Matching to Sample), or working memory (Spatial Span, Spatial Working 
Memory) (Figure 1) Demographic data (e.g. age, education) were also recorded. 

 
● Participants in the supervised testing were assessed on iPads, whereas in 

online testing participants used a variety of systems, including desktop 
computers, laptops and tablet devices.  

 
● During web-based testing monitoring of browser behaviour allowed for the 

remote assessment of task compliance  
 

● Statistical data analysis focused on:  
• the comparison of web-based to in-person testing  
• the factor structure of the web-based testing data, compared to in-person 

testing  
• the effect of age on task engagement.   
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Background 
 

● Technological developments provide novel platforms for the assessment of 
cognition in ageing and prodromal Alzheimer’s disease. These have the potential 
to widen access to cognitive assessment and to enable high-frequency testing in-
between clinic visits.  

 
● This can help to address the need for the detection of large numbers of 

patients in the prodromal phase of Alzheimer’s disease, and enable monitoring of 
fluctuation and deteriorations in cognitive function with disease progression. 

 
● Web-based testing has the potential to widen recruitment into clinical trials. 

Assessments such as the computerised Paired Associates Learning (PAL) task 
have repeatedly been associated with Alzheimer’s disease biomarkers, such as 
levels of Aβ and hippocampal volumes. Assessing subject PAL performance early 
in the recruitment process therefore has the potential to enrich samples for 
biomarker-positive patients, reducing costs, site and patient burden.  

 
● Wearable technology can enable older adults with cognitive concerns to monitor 

their cognition on a daily basis, and provide clinicians and researchers with 
information at a higher temporal resolution than previously possible.  

 
● There are considerable challenges surrounding the implementation of such 

technologies in practice. Firstly, there is the issue of comparability of these 
assessment methods to data obtained by standardised assessment, and secondly 
is the usability of these methods, and the impact of age on this. 

Results 
Study1: Web-based testing 
• There was no difference in PAL errors between supervised and web-based testing.  
• More variable and slower reaction times (RT) during web-based testing (Figure 5) were associated 

with more PAL errors (r=.35), and younger age (r=.-21).  
• Off-task web-browser activity during task performance (n=200) was associated with poorer PAL 

performance (t = -2.09, df = 161.5, p-value = 0.03), greater RT variability (t = -3.48, df = 119.6, 
p-value < 0.01) and younger age (t = 3.4157, df = 192.9, p-value <0.01).  

• Factor analysis showed the expected structure, with tests of visual episodic memory loading onto 
the same factor, separate from tests of working memory (Table 1). 

Figure 3: Cognition was assessed using a 
2-back test. Participants touched the 
display of the Band when they detected a 
match. When a correct response was 
made, the background became green, 
when an incorrect response was made 
(false alarm) the background became 
red.  

Figure 2: The MS Band (1) is paired with a smartphone (2) via Bluetooth, which in turn sends sensor and 
behavioural data to a secure cloud server (3). The experiment is controlled by a web interface (4) which 
schedules testing and monitors participant compliance. Data from the experiment is accessed remotely, via 
a direct interface with R.  

Study2: Wearable monitoring of cognition  
• Participants demonstrated learning over the course of the two-week trial (Figure 6).  
• Performance on the N-back micro-testing was significantly correlated with performance on 

CANTAB tests of working memory and attention.  
• There was a significant effect of age on performance on the N-back tests, with older adults 

showing overall lower levels of performance than younger participants.   

Figure 4: Four CANTAB tests were used for 
validation: (A) Spatial Working Memory- 
Indexes working memory and executive 
function  (B) Multitasking Test - Measures 
ability to allocate attention, and ability to 
ignore task-irrelevant information.  (C) Rapid 
Visual Processing - Assays processing speed 
and sustained attention.  (D) Emotion 
Recognition Task  -  Measures the ability to 
identify emotions in facial expressions. 
Subjects choose between six basic emotions 
(happy, sad, anger, fear, surprise disgust).  

 
Study 2: Wearable cognitive monitoring  
● 10 (4 females) participants, aged 24-55 were recruited to this two week 

feasibility study. All were educated to at least university level, and all were 
in full or part time employment.  

 
● The device used was the Microsoft Band 2. We extracted data on RR-

Interval providing heart rate variability data, and skin conductance 
response. Sensor data was streamed via Bluetooth to the mobile device, 
which in turn connected to a cloud-based study management system, 
which scheduled sensor data collection, and behavioural testing (Figure 2).  

 
● Wearable-based cognitive testing was carried out using a 2-back memory 

paradigm (Figure 2). This task taps several aspects of cognition, including 
attention, memory updating and working memory. Each test took 1 minute 
to complete. A measure of accuracy taking into account both hits and false 
alarms was computed (aprime).  

 
● Sensor data was recorded continuously between 9:00 and 19:00, with 

cognitive and mood testing once an hour over the study period. When a 
test was scheduled the participant received an alert. If a participant was 
not able to complete the test they ignored the alert. The alert was 
repeated twice more at 5 minute intervals.  

 
● Validation tasks were four measures from the CANTAB Battery (Figure 4).  
 
● Analysis of the results focused on:  

• the patterns of performance on the N-back, modelling learning effects  
• the relationship between performance on the N-back and performance 

on standard CANTAB tests  
• the relationship of age with N-back performance.  
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Figure 1: Four CANTAB tests administered online: (A) 
Spatial Working Memory- Indexes working memory 
and executive function  (B) Spatial Span - Measures 
short term memory capacity (C) Delayed Matching to 
Sample - Assays immediate and delayed visual 
memory.  (D) Paired Associate Learning – measures 
visual memory and learning  
 
In contrast to the standard administration of CANTAB 
tests, in the online version of the test, responses 
were made using the computer mouse.  
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Figure 5: Data on PAL memory scores (left) and response timing (right) in online (top) and in-person (bottom) testing.  

Factor 1 Factor 2 

PAL Total Errors (adj) 0.99 

PAL First Trial Memory Score 0.9 

Delayed Match to Sample 0.61 

SWM Strategy 0.99 

SWM Errors 0.64 

Spatial Span 

Proportion of Variance Explained  0.62 0.38 

Table 1: Factor loadings > 0.3 are shown above. Factor Analysis carried out using Minimum Residuals (mimres), and 
Varimax rotation.   RMSEA index =  0.161  90% CI [0.12-0.203]; BIC =  21.92.   

Figure 6: Individual differences in 
learning across the study duration 
modelled using non-linear mixed 
modelling, allowing random 
intercepts and slopes.    

Figure 7: Correlations between 
performance parameters (slope and 
intercept), age and CANTAB scores.   

Figure 7: Scatter-plots of age and performance 
parameters (slope and intercept). The lower 
intercept and steeper slope of the learning models  
in older adults represent worse initial 
performance and freedom from eventual ceiling 
effects.  

Conclusions 
• Web-based and wearable technology provide feasible platforms for assessing cognition.  
• During web-based testing, older adults displayed less off-task behaviour than younger adults. 
• Individual differences were seen in wearable cognitive testing, related to age and gold-standard 

computerised cognitive testing.   
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