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Assessing Cognitive Function

Cognitive function underpins our 
mental abilities such as memory, 
orientation, problem-solving, reasoning, 
comprehension, and attention. 
Following a mentally debilitating 
event such as a stroke or brain injury, 
assessing a patient’s cognitive function 
is essential to their rehabilitation and 
allows healthcare professionals to 
determine the best treatment plan. 
Established tests such as the Peabody 
Picture Vocabulary Test and the subtests 
of the Wechsler Adult Intelligence 
Scale adapted as a neuropsychological 
instrument are often used to assess 
patients’ language and conceptual 
functions through verbal and/or 
behavioural responses. However, when 
patients are unable to communicate in 
these ways due to neurological damage, 
conducting these crucial assessments 
is either not possible, or even for 

patients who can engage, can have a 
high margin of error due to subjectivity 
both on the part of the patient and the 
healthcare professional conducting the 
assessment.

Professor John F. Connolly, Director of 
the ARiEAL Research Centre at McMaster 
University, Canada, and Co-Founder 
and Chief Science Officer at VoxNeuro, 
has developed a proprietary assessment 
method that does not rely on the need 
for verbal or behavioural responses from 
patients. This means that those patients 
who had barriers for being assessed 
accurately for cognitive function can 
now be assessed in an alternative way – 
one that is both objective and reliable.

A ‘First of its Kind’ Case Study

Aphasia is an impairment to speech 
and/or comprehension resulting from 
damage to the brain. In the early 1990s, 
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When assessing an individual’s cognitive functioning (such as 
memory and sense of orientation to the environment) traditional 
strategies have relied on verbal and behavioural responses. But 
how can this be achieved if a patient is unable to communicate in 
this way due to impairment arising, for example, from brain injury? 
Professor John F. Connolly, Director of the ARiEAL Research Centre 
at McMaster University, Canada, and Co-Founder and Chief Science 
Officer at VoxNeuro, has developed an innovative neurotechnology 
to assess cognitive functioning in individuals that does not rely on 
verbal or behavioural responses.

Professor Connolly and his colleagues 
tested a new assessment approach 
in a 21-year-old patient who was 
characterised as globally aphasic with 
minimal and unreliable behavioural 
gestures following a traumatic brain 
injury (TBI) – in fact, his initial diagnosis 
was vegetative state. 

The researchers used event-related 
potentials (ERPs), which are brain 
biomarkers, to measure specific 
brain response features known as 
components. These components 
reflect cognitive processes, commonly 
thought of as mental abilities – like 
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attention, memory and decision 
making – that can be assessed even in 
non-communicative patients. ERPs are 
derived from electroencephalogram 
(EEG) recordings of brain responses to 
stimuli and the components examined 
have been the subject of many 
thousands of peer-reviewed papers, as 
their years of initial discovery range from 
1965 to 1980.

The patient studied by Professor 
Connolly was severely compromised, 
and seemingly unresponsive to any 
aspect of his environment. After 3 weeks 
of clinical observation, it was concluded 
that the patient’s progression could 
not be assessed clinically and thus it 
was perceived that further intervention 
would not be beneficial. The patient was 
scheduled for discharge to a palliative 
care facility when he was referred for 
electrophysiological assessment by 
Professor Connolly through one of 
his physicians who knew of Professor 
Connolly’s research. 

In this assessment, sentences were 
presented aurally with half the 
sentences ending with a congruous 

word and half with an incongruous 
word. For example, one congruous 
sentence used was ‘She could tell he 
was mad by the tone of his voice’ and 
an incongruous sentence example is 
‘She went to the bakery for a loaf of 
sink’(with ‘sink’ replacing the congruous 
word ‘bread’). EEG measurements were 
examined separately for the sentences 
with congruous and incongruous 
terminal words in order to answer the 
most pressing question at the time – 
was the patient able to comprehend 
speech?

Critically, the patient’s ERP responses 
to spoken sentences ending with 
incongruous words displayed a 
differential response compared to 
sentences ending with congruous 
words. The researchers found that the 
patient’s responses were comparable 
to those of healthy individuals. The 
same sentences were presented to 
the patient visually, but the outcomes 
were abnormal and unreliable. 
Moreover, in comparison to healthy 
control participants, the readings were 
clearly different. The patient’s lack of 
brain biomarkers for comprehension 

to visually presented sentences was 
attributable to a yet-unresolved, injury-
related visual abnormality.

Six weeks after the initial 
electrophysiological assessment 
by Professor Connolly, the patient 
was assessed again using traditional 
behavioural tests for attention, 
memory and problem-solving. 
However, the patient’s performance in 
these tests was poor. This pattern of 
electrophysiological responses revealing 
function when behavioural measures 
could not was the ‘first of its kind in 
scientific literature’ explains Professor 
Connolly, as they had demonstrated 
that the patient understood the 
meaning of the spoken stimuli through 
measuring the associated ERPs, that is, 
the brain biomarkers. 

The team concluded that testing 
both visual and auditory function is 
important in such patients, as one 
function may be compromised while 
the other may remain intact. This work 
paved the way for Professor Connolly’s 
innovative use of ERP technology to 
assess cognitive functions including 

‘The goal of my research has always been to use these new methods of assessment 
to identify those suffering from neuropathological conditions with greater 
accuracy. These methods are now being used to better inform healthcare 

professionals charged with treating individuals with these problems.’

Credit: JD Howell, McMaster University.
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receptive vocabulary and semantic comprehension in patients 
with severe neurological impairment – functions that were once 
difficult or even impossible to evaluate in such patients using 
traditional behavioural methods.

Predicting Coma Prognosis

Mismatch negativity (MMN) is an ERP component that can be 
described as an automatic attentional response to auditory 
stimuli, reflecting a predictive coding process that is below the 
level of conscious awareness. The presence of this particular 
ERP component in the prolonged state of unconsciousness 
known as coma has been proven to be a strong positive 
predictor of emergence from coma. However, the utility of 
the MMN as a clinical tool was compromised by its lack of 
sensitivity. That is, while those patients who showed the 
response emerged from coma, many patients who did NOT 
show the MMN also emerged.

Professor Connolly, along with his colleagues Dr Narges 
Armanfard (now at McGill University) and Professor James 
Reilly (McMaster University), tested a new method to detect 
MMN components from the ERPs of coma patients, in the 
anticipation of developing a more accurate predictor of coma 
emergence. They hypothesised that the level of consciousness 
waxed and waned in coma in ways that could lead to failure 
to see the response using traditional analysis methods, which 
involved recording only periodically, rather than for extended 
periods of time with a finer-grained analysis tool. 

Traditionally, the MMN is sought in single test sessions lasting 
about 20 to 30 minutes. This single occasion testing reduces 
the likelihood of observing the MMN if consciousness does, 

in fact, wax and wane in coma and thus may be the cause 
of the low sensitivity reported in previous studies. Professor 
Connolly’s team proposed tackling this problem with the use of 
a machine learning (ML) algorithm – a localised feature selector 
that provided the finer-grained analysis. ML can process high-
dimensional clinical data and learn complex patterns that can 
be too difficult to be recognised by even expert humans.

Professor Connolly and colleagues found that the use of 
ML accurately detected MMN over a much shorter 2-minute 
interval and that the MMN appeared and disappeared (the 
waxing-waning process) when recorded across an extended 
time period (e.g., 24 hours). It was found that the MMN 
component could be successfully detected with 92.7% accuracy 
in the healthy participants. Importantly, a greater similarity 
between the ERP responses of the coma patients and the 
healthy participants indicated a more positive prognosis for 
coma emergence. That is, the two coma patients showed 
high similarity levels to healthy control participants and both 
emerged from coma. These results, the team emphasise, are 
preliminary but indicate the usefulness of this new method in 
predicting coma emergence and possibly longer-term outcome.

More recently, Professor Connolly and his colleagues (Drs Reilly, 
Fox-Robichaud, Hamielec, Sonnadara (McMaster University), 
Tavakoli (McMaster University), Boshra (McMaster University 
and VoxNeuro), Blain-Moraes (McGill University) and Herrera-
Diaz (PhD candidate; McMaster University) have begun a 
larger trial on the assessment of ERPs in coma to develop an 
automated procedure for analysing the ERP data with greater 
accuracy than the current standard clinical approach, and one 
that is less costly. Data will be collected from 50 individuals in 
coma, with EEG/ERP data collected for 24 hours at five time 
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points over 30 days to track their progression. Data from 20 
healthy adult controls will be used for comparison. This trial 
is currently on-going as the team works toward a prototype 
model for use in clinical settings.

ERPs Implicated in the Detection of Concussion

Concussion is a brain injury often labelled as a mild TBI 
(mTBI). It can cause physical (e.g., headaches and dizziness), 
emotional (e.g., depression and anxiety) and cognitive (e.g., 
attention and memory dysfunction) symptoms in the affected 
individual. ERPs are again implicated as an electrophysiology 
tool of interest in this condition. Building on the research 
conducted with non-verbal patients, Professor Connolly, along 
with colleagues Drs Boshra and Ruiter (McMaster University 
and VoxNeuro) and Professor Reilly, saw the opportunity to 
use this assessment method in a patient population for whom 
behavioural assessments often fail to detect the presence or 
extent of their injury. Persistent changes in ERPs have been 
observed in concussed patients, driving the team to explore an 
expanded version of ML known as deep learning (DL). DL had 
previously been investigated in other EEG applications, but this 
study was the first to utilise DL in an EEG/ERP application to 
mTBI.

The team developed a DL network coined TRauma ODdball 
Net (TRODNet) that uses a multi-layered architecture to extract 
information from EEG/ERP data to find signs of concussion 
from certain response signals in the patient. In this trial, 26 
concussed patients and 28 control participants were recruited. 
The results showed higher accuracy in classifying acute and 
post-acute mTBI when using EEG/ERP than reported by 
previous studies using resting-state EEG and quantitative EEG 
(see doi:10.1038/s41598-019-53751-9). 

However, this higher accuracy was only marginally higher 
than another of the team’s studies that reported findings on 
injury detection decades after the injury had occurred (see 

Doi:10.1109/TNSRE.2019.2922553). Considering both studies 
(that is, one dealing with acute/post-acute and the other 
with detection of injuries incurred decades earlier), the data 
indicated that some earlier biomarkers such as the MMN 
reflected irreversible injuries due to concussion found only in 
chronic deficits from much older injuries.

The researchers discuss the fact that some of the best-reported 
tools to assess mTBI decline in utility as early as 5 days post-
injury. In this study, data collection began on average at 20 
days post-injury. Therefore, the team believes that the model’s 
excellent performance may be affected by the time-lapse since 
injury and they explain that a more stable multi-stage approach 
to the progression of concussion is needed since effects specific 
to concussion may only be observable at certain stages after 
injury and/or recovery.

A subsequent study by the same team proposed three stages of 
concussion progression as a) acute: the time directly after injury 
to 4 weeks after, b) post-acute: following the acute phase and c) 
chronic: decades after injury when effects of concussion have 
been reported to resurface. The results showed an increase 
in the functional connectivity of the brain in the acute stage 
compared with much reduced functional connectivity in the 
chronic stage, indicating a non-linear time-dependent effect of 
brain injury.

Professor Connolly describes his research as utilising the 
best available technologies to enable better assessments 
of cognitive functioning. He shares with us, ‘The goal of my 
research has always been to use these new methods of 
assessment to identify those suffering from neuropathological 
conditions with greater accuracy. These methods are now 
being used to better inform healthcare professionals charged 
with treating individuals with these problems.’ 

This promising new technology can also guide healthcare 
teams in planning therapeutic interventions for non-
communicative patients with the aim of achieving improved 
recovery outcomes, and arm them with the ability to objectively 
assess the efficacy of their interventions through repeat 
assessment. The advances in cognitive assessment made as a 
result of Professor Connolly’s research have been productised 
by VoxNeuro to complement existing clinical assessment 
methods, through providing data to reliably inform cognitive 
interventions and therapies.

While Professor Connolly’s research is ongoing in this field 
to further new discoveries and identify additional clinical 
applications, his team at VoxNeuro is scaling the technology 
that has been consistently validated through his research. 
The Cognitive Health Assessment™ benefits patients and their 
healthcare providers in need of an objective analysis of brain 
function, today. This breakthrough assessment is currently 
clinically available in Ontario, and will continue to be scaled 
globally in the coming years.

Credit: JD Howell, McMaster University.
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