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Abstract

Objective

The objective was to investigate the effectiveness of a person-centred active rehabilitation

programme on symptoms associated with suspected Chronic Traumatic Encephalopathy

(CTE). This was accomplished by (1) assessing the effect that a person-centred active reha-

bilitation programme had on participant symptoms, and (2) exploring how temporal contex-

tual factors affected the participants’ experience with, and perceived effectiveness of, the

active rehabilitation programme.

Methods

A twelve-month mixed-methods single case experimental research design was used with

six cases (participants). Individual cases were involved in a 51-week study period including

an initial interview and three-week baseline phase. Cases were then randomly allocated to

one of two n-of-1 study designs (i.e., A-B, B-A, B-A, A-B or B-A, A-B, A-B, B-A) where A and

B represent a non-intervention and intervention phase, respectively. Interviews were con-

ducted regularly throughout the study whilst outcome measures were assessed at each fol-

low-up. Analysis of the data included visual, statistical, and qualitative analysis.

Results

Visual and statistical analysis of cognitive and executive function, and mindful attention,

demonstrated trivial-to-large effects with the summary reflecting positive or unclear results.

A mixed picture was observed for mood and behaviour with effects considered trivial-to-

large, and the summary demonstrating positive, unclear and negative effects. Qualitative

analysis indicated a perceived improvement in outcome measures such as memory, atten-

tion, anxiety, and emotional control despite mixed quantitative findings whilst a clear impact

of contextual factors, such as COVID-19, the political atmosphere, exercise tolerance, pro-

gramme progression, and motivation were evident during the intervention.
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Conclusions

This study has provided primary-level evidence to suggest active rehabilitation as a potential

intervention for the management of suspected CTE symptoms. This study has also demon-

strated the benefit of a person-centred approach to both clinical research and practice, par-

ticularly by considering contextual factors for a better understanding of an intervention

effect.

Introduction

Chronic Traumatic Encephalopathy (CTE) was formally defined by the National Institute of

Neurological Disorders and Stroke/National Institute of Biomedical Imaging and Bioengineer-

ing (NINDS/NIBIB) consensus panel in 2015. CTE is a neurodegenerative pathology defined

by its unique, irregular pattern of tau protein accumulation around small blood vessels at the

base of the cortical sulci [1]. While CTE has been known by many since at least 1928, the clini-

cal profile has consistently been linked to an exposure to repetitive brain injury. CTE has now

been diagnosed post-mortem in former American football, football (soccer), rugby, Australian

rules football, ice hockey, baseball, and wrestling athletes, as well as military personnel and

domestic abuse victims [1–3]. The inability to diagnose CTE pre-death has led to the develop-

ment of a clinical profile termed Traumatic Encephalopathy Syndrome (TES). This clinical

profile has enabled researchers to identify individuals with symptoms associated with sus-

pected CTE allowing for early management and development of active rehabilitation or treat-

ment options [2, 4–6].

Currently, no evidence-based therapy has been developed to treat or manage symptoms

associated with CTE to our knowledge. Cantu and Budson [4] provided the first expert review

outlining potential lifestyle modifications and symptom management strategies for CTE. Rec-

ommendations included exercise, active rehabilitation, diet, cognitive rehabilitation, mood/

behavioural therapy, occupational therapy, vestibular and motor therapy, and pharmacological

therapy. This expert opinion has been reiterated by Fusco et al. [7] and Rossi et al. [8] in expert

opinions or narrative reviews. Themes including cognitive and motor rehabilitation therapy,

mindfulness, mood/behavioural therapy, occupational therapy, diet, exercise, and active reha-

bilitation were suggested to help manage neuropsychiatric symptoms of CTE [7, 8]. Finally, an

umbrella review [9] has reported the effect that active rehabilitation has on other tauopathies

with symptoms associated with CTE. This review found that various forms of active rehabilita-

tion had a positive effect (standardised mean difference ranging from 0.11 to 0.88) on symp-

toms of cognitive and motor function in populations diagnosed with Alzheimer’s and

Parkinson’s disease.

Despite being an area of growing interest amongst researchers and clinicians, current evi-

dence is largely limited to secondary level research. Whilst various forms of management strat-

egies have been suggested (e.g., active rehabilitation), few have examined the efficacy of this. It

is also important to consider the patient within a rehabilitation or management approach. A

person-centred care approach allows for the management of patients with a unique set of

symptoms which is likely to be particularly important when managing individuals with sus-

pected CTE. Accordingly, the objective of this study was to investigate the effectiveness of per-

son-centred active rehabilitation on symptoms of TES, providing the first primary level

research exploring a potential management for CTE symptoms. This was accomplished by: (1)

assessing the effect that a person-centred active rehabilitation programme had on participant
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symptoms suspected to be associated with the development of CTE, and (2) exploring how

proximal (individual—interpersonal and intrapersonal) and distal (environmental—socio-

economic, rural-urban differences and immigration background) factors affected the partici-

pants’ experience with, and perceived effectiveness of, the active rehabilitation programme

through repeated interviews during the course of the intervention.

Materials and methods

A mixed-methods single case research (MMSCR) design was used for this study with an n-of-1

framework. The study was designed and reported in line with the Consolidated Standards of

Reporting Trials (CONSORT) extension for N-of-1 trials [10, 11]. Ethical approval was

granted by the Faculty of Health, Psychology and Social Care Research Ethics and Governance

Committee at Manchester Metropolitan University (ID: 11822).

Eligibility criteria

Individuals between the age 20 and 60 years who met the 2014 TES criteria [6], spoke/read

English, and were at least one year retired from competitive sport were eligible for inclusion.

The 2014 TES criteria was used as the updated criteria by Katz and colleagues [5] was not avail-

able at the start of the study. An age range of 20 to 60 years allowed for sufficient exposure to

mTBI/contact sport while minimising the chance of concomitant neurodegenerative disease,

presence of dementia, and other neurological disorders. Individuals diagnosed with dementia

were excluded.

At any time during data collection, withdrawal could be explicitly expressed by the partici-

pant. Withdrawal was assumed if the participant (1) missed more than two follow-up inter-

views in a row, or (2) did not respond to at least two contact attempts made by the researcher

seeking to schedule a follow-up interview. Withdrawal was also discussed if the participant

expressed dissent with the study procedures. In the event of participant withdrawal, any data

where a full data collection cycle had been completed (A-B matched pair) was included in the

analysis.

Materials and procedures

General procedure. Individual cases (participants) were involved for 51 weeks, with

recruitment and study commencement occurring on a rolling basis starting in April 2020 and

ending in June 2021. The study began with an initial interview, followed by a three-week base-

line phase. Participants were then randomly allocated to one of two systematic counterbal-

anced n-of-1 study designs, the first being A-B, B-A, B-A, A-B and the second being B-A, A-B,

A-B, B-A, where ‘A’ indicates a non-intervention phase and ‘B’ indicates an intervention

phase. Each paired phase (A-B or B-A) lasted twelve weeks and consisted of six interviews

which took place every two weeks. A schematic overview of the study is illustrated in Fig 1.

Initial interview and screening assessments. An initial interview was conducted to (1),

screen the participant for study eligibility, ensuring they met clinical criteria for the presence

of TES, and (2), to screen the participant for evidence of potential cognitive impairment,

changes in mood/behaviour, or motor impairment associated with CTE which could be

assessed during the three-week baseline period. To date, there is no established battery of

assessments relevant to the population used in this study; thus, a pragmatic approach was

adopted. The initial interview began with three core screening assessments to measure levels of

cognitive function, mood/behavioural symptoms, and motor function (S1 Table). The initial

meeting concluded with a semi-structured interview that sought to elicit further information

related to the eligibility criteria and provided the participant with an opportunity to share
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information on relevant sporting history, medical history, family medical history, and any

other further symptoms or concerns. In line with a person-centred care approach, participants

also gave information regarding activity capabilities and preferences to inform the design of

the active rehabilitation programme.

Baseline phase and follow-ups. The three-week baseline period sought to establish the

presence of measurable impairment. The assessments used were individualised for each case

based on relevance and symptoms reported in the initial interview. Any symptom of TES had

the potential for inclusion. A description of all assessments used in the study can be found in

S2 Table. To reduce the burden on participants, a five-assessment limit was implemented. For

those who did not reach the five-assessment limit, the Perceived Stress Scale (PSS) was

Fig 1. Schematic overview of the data collection period. Note: A = non-intervention phase. B–intervention phase.

https://doi.org/10.1371/journal.pone.0302260.g001
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included to provide further support to the contextual information gathered during the follow-

up interviews.

During each follow-up, participants completed an online survey consisting of self-report

symptom assessments. The online survey also gave open box to submit a daily activity log.

This log allowed participants to report daily log of their physical activity as well as additional

contextual information related to their symptoms and programme experience. Participants

also took part in a semi-structured follow-up interview at each data collection point. The semi-

structured interviews primarily sought to create a person-centred care environment, promot-

ing factors such as understanding the participant as a person and encouraging involvement in

the co-design of the active rehabilitation. The aim of these interviews was to understand i) how

the presence of the person-centred active rehabilitation programme affected the symptoms of

interest, ii) how the participant described their experience with the rehabilitation programme

and prescription, iii) how proximal and distal factors may have influenced the participants

symptom levels, and iv) how proximal and distal factors may have influenced their experience

with or effect of the programme.

Intervention delivery. The setting of the study was entirely online. Any outcome assess-

ments used were recorded via Qualtrics XM (Qualtrics, Provo, Utah, USA). The intervention

programme was distributed via email and accompanied with online tutorial videos.

During an intervention phase (B phase), participants completed one resistance training ses-

sion and one cardiovascular session each week. During a non-intervention phase (A phase)

the prescribed exercises were removed, but participants were allowed to continue with habitual

activities. Care was taken to ensure programme prescriptions resulted in a greater training

load during intervention phases relative to the non-intervention phases.

The training programme was tailored by mode, duration, and intensity based on partici-

pant needs, preferences, facilities, and strength/fitness levels as understood from the semi-

structured interview. Intensity for the resistance training programmes was prescribed using a

modified rating of perceived exertion (RPE) scale [12]. The intensity of the cardiovascular

training programme was prescribed using the Borg 6–20 scale given its linear relationship with

heart rate [12].

Data analysis

Quantitative analysis. Visual analysis of the quantitative data followed a modified frame-

work presented by Wolfe and colleagues [13], created in accordance with The What Works

Clearinghouse (WWC) Single-Case Design Standards [14]. Initially, a trend in the data was

established for each of the paired non-intervention and intervention phases using a split mid-

dle trend (SMT) line [15]. The SMT line was then used to predict outcome measures for the

subsequent phase. The size of the effect was estimated using a modified point system [13]

based on the following:

• Evidence of change in level, trend and/or variability = 1.0 point

• Change was immediate, there was less than 30% of data overlap, or there was evidence of

consistency between phase-types (intervention/non-intervention) = 0.25 point

After summing the scores, 0–2 indicates unclear behavioural change; 3–4 a small beha-

vioural change; 5–6 a moderate behavioural change; 7–8 a large behavioural change.

To support the visual analysis and future research (e.g., sample size, meta-analyses), within-

case standardized mean difference (WC-SMD) and non-overlap of all pairs (NAP) with 95%

confidence limits were calculated [16]. SMDs were classified as:<2.0 trivial; 0.20–0.50, small;

0.51–0.80, moderate; >0.80, large [17]. NAP was interpreted as a probability that a randomly
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selected datapoint in the intervention (B) phase was above or below (depending on if an

increase or decrease is desirable) a randomly selected datapoint in the non-intervention (A)

phase [16].

Qualitative analysis. All interviews were transcribed verbatim. Transcriptions were then

read to identify content related to the topics of interest based on deductive analysis a-priori.
Additional points of interest that also emerged were included via inductive analysis. To main-

tain trustworthiness through confirmability, all authors were given a random selection of tran-

scripts to analyse. Qualitative analysis followed the explanation building approach outlined by

Yin [18]. The following propositions were initially determined:

1. The presence of the person-centred active rehabilitation programme had a positive effect

on the participant’s symptoms of interest.

2. The needs and preferences of the participant regarding the rehabilitation mode and pre-

scription were met.

3. Proximal and distal factors influenced i) the participant’s reported symptom levels, ii) the

participant’s experience with the active rehabilitation programme, and iii) the effect of the

active rehabilitation programme.

While a total of twenty-four follow-up interviews were available, a pragmatic approach for

qualitative analysis was adopted. The sample of interviews used in this study consisted of those

that took place at the end of each A-B paired phase (e.g., A1.3, B2.3, B3.3, and A4.3) to provide

a more global view of the participant perspective as it related to the phase (whether A or B) and

proximal and distal factors. A summary of results is presented in a narrative and visual format.

Results

Participant characteristics

Ten participants were recruited for the study. Two participants did not demonstrate a measur-

able impairment during the screening or baseline phase in one of the three core clinical fea-

tures and therefore did not meet eligibility criteria. A further two participants withdrew from

the study before they completed an entire A-B phase. In both instances, the participant did not

respond to at least two contact attempts made by the primary author to schedule follow-up

interviews. A reason for withdrawal was not stated by either participant. In line with the study

protocol, their data was withdrawn from the study. A total of six participants completed all

aspects and were included in the final analysis.

Participant characteristics, informed by the initial semi-structured interview and baseline

phase, can be found in Table 1. Results are presented using pseudonyms to maintain

anonymity.

Fig 2 illustrates a complete study timeline across all participants along with the sequence of

intervention (B) and non-intervention (A) phases. This figure also provides key information

on the COVID pandemic and the restrictions in place for each participant at the time of data

collection.

Fig 3 presents results from the PSS assessment.

Participant activity levels

Participant were habitually active during the intervention engaging in various forms of physi-

cal activity including leisure, exercise, and sport. Table 2 presents a summary of the activities

reported by participants during both intervention (B) and non-intervention (A) phases with

bolded text being the prescribed activities.
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Quantitative analysis

Table 3 provides a summary of the six individual cases, including visual and statistical analysis,

across each symptom of interest. Individual case results can be found in S3–S8 Tables. The

effect that active rehabilitation had on symptoms of motor function was not reported as no

participants included in the study had any measurable motor impairments.

Figs 4 and 5 provide visual results of outcome measures related to cognitive function.

Effects on general cognitive function (Fig 4) varied, with one participant (Niall) demonstrating

a positive effect, one participant (Kristen) demonstrating a negative effect, and one participant

(Simon) demonstrating an unclear effect. It should be noted that levels of general cognitive

function consistently demonstrated an upward trend across intervention phases throughout

the study for Simon, indicating a potential positive effect; however, statistical analysis supports

an unclear effect. Visual and statistical analysis observed consistent overlap in all three cases as

well. Levels of cognitive function were higher in the final phase for all three cases compared to

those levels reported in the first study phase. Effects on mindful attention (Fig 4) also varied,

Table 1. Participant characteristics.

Niall Luigi Kristen Abel Gemma Simon

Age (years) 20 38 29 24 29 35

Sex Male Male Female Male Female Male

Nationality UK Canada USA USA USA-Italy UK

History of

head

impacts

> 6 years participation

in field hockey,

basketball, rugby

> 6 years participation in

ice hockey; > 4 diagnosed

concussion; multiple

concussions in short

timeline

> 6 years participation in

rugby; > 4 diagnosed

concussion; multiple

concussions in short

timelines; 2 episodes of

moderate TBI

> 6 years

participation in

American football,

football, rugby

> 6 years

participation in

karate, basketball,

softball, volleyball

> 6 years

participation in

rugby; 1 episode of

moderate TBI

Screening

SLUMS 27/30 AU–WNL 25/30 AU—MCI 30/30 AU—WNL 27/30 AU—WNL 30/30 AU—WNL 23/30 AU—MCI

GMHAT Concentration, worry,

anxiety, loss of interest

Concentration, worry,

anxiety, depression, loss of

interest

Concentration, worry,

anxiety, depression, loss of

interest, hopelessness, sleep

disruption

Concentration,

worry, anxiety,

depression, loss of

interest

Concentration,

worry, anxiety,

Concentration,

worry, anxiety,

depression

PROMIS 100/102 AU–normal 100/102 AU–normal 98/102 AU–Mild signs of

impairment, largely because

of recent surgery

101/102 AU–

normal

102/102 AU—

normal

100/102—normal

Additional

history

Memory impairment,

executive dysfunction,

history of depression,

suicidal tendencies,

social isolation

Memory impairment,

concentration and attention

impairment, executive

dysfunction, irritability,

short fuse, explosivity,

history of panic attack,

history of suicidal ideation,

persistent headaches

Memory impairment,

concentration and attention

impairment, executive

dysfunction, anxiety,

depression history of panic

attack, history of suicidal

ideation, persistent

headaches.

Attention

impairment,

executive

dysfunction,

anxiety, depression

Executive

dysfunction,

history of panic

attack

Cognitive

impairment,

executive

dysfunction, mood

disturbances,

persistent headaches

Diagnosed with ADHD,

GAD, and PDD and

currently on medication.

Outcome

measures

Cognitive function,

executive function,

social isolation

Executive function, anxiety,

depression, irritability

Cognitive function,

executive function, anxiety,

depression, insomnia

ADHD: Attention deficit hyperactivity disorder; AU: arbitrary unit; GAD: Generalised anxiety disorder; GMHAT: Global Mental Health Assessment; M: male, MCI:

mild cognitive impairment (according to assessment cut-off); PROMIS: Patient-Reported Outcomes Measurement Information System Health Assessment

Questionnaire—Physical Function 24a; PDD: Persistent depressive disorder; PTP: Participant; SLUMS: Saint Louis University Mental Status; TBI: traumatic brain

injury; WNL: within normal limits (according to assessment cut-off).

https://doi.org/10.1371/journal.pone.0302260.t001
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with one case demonstrating negative visual and statistical analysis (Simon) and one demon-

strating a small visual but trivial statistical effect (Abel). High levels of variability throughout

the study should be noted here along with consistent overlap between phases; therefore, it is

difficult to determine the effect active rehabilitation had on levels of mindful attention.

Though the WC-SMD ranged from trivial to large, four of the six participants demon-

strated a positive effect (Niall, Luigi, Abel, Simon) for measures of executive function (Fig 5).

Three of these participants (Niall, Luigi, Simon) also reported higher levels of executive func-

tion at the final phase of the study compared to the start of the study. Only Abel reported

worse scores during the final phase of the study; however, a large WC-SMD (1.69) and NAP

value of 0.79 suggests a positive effect of active rehabilitation overall. It should be noted that

Kristen consistently demonstrated decreased variability of scores in non-intervention phases

indicating more stable results for executive function in the absence of an active rehabilitation

programme. This would suggest that the presence of an active rehabilitation programme had

the potential to influence levels of outcome measures, albeit with a lack of statistical certainty.

All cases demonstrated consistent overlap with visual analysis; however, NAP values in three

cases (Niall, Abel, Simon) demonstrated a higher probability of increased executive function

in intervention phases.

Figs 6 and 7 provide visual results of outcome measures related to mood and behaviour.

The effect of active rehabilitation on outcome measures considered ‘core clinical features’

according to TES clinical criteria (depression, irritability, social isolation/loneliness) (Fig 6)

varied. One participant (Luigi) demonstrated a large positive effect on levels of depression,

supported by both visual and statistical analysis; however, three participants (Kristen, Abel,

Simon) demonstrated a small, negative effect on levels of depression. Interestingly, all partici-

pants aside from one (Simon) reported lower levels of depression during the final phase of the

study compared to initial levels. There was no consistency of patterns in variability or trend,

but overlap between phases was consistently present. NAP values also varied, indicating a vari-

ation in the likelihood of a randomly selected point taken during an intervention phase result-

ing in lower depression scores. Only one participant reported symptoms of loneliness and

social isolation (Niall), and one participant reported symptoms of irritability (Luigi). In both

Fig 2.

https://doi.org/10.1371/journal.pone.0302260.g002
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instances, visual analysis indicated a positive effect. Levels of loneliness demonstrated a consis-

tent downward trend during intervention phases despite increased variability. It should also be

noted that Luigi demonstrated decreased variability for levels of irritability across intervention

phases. A positive effect is further supported by improved levels reported during the final

Fig 3.

https://doi.org/10.1371/journal.pone.0302260.g003
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phase of the study compared to initial levels, as well as a general decline observed across the

entire study; however, statistical analysis reports a trivial effect in both outcome measures.

The effect of active rehabilitation on outcome measures considered ‘supportive clinical fea-

tures’ according to TES clinical criteria (anxiety, sleep quality/insomnia) (Fig 7) also varied.

One participant (Luigi) reported a small-to-moderate effect on levels of anxiety, supported by

visual and statistical analysis; however, Kristen and Abel reported a moderate, negative effect.

The effect of active rehabilitation on Gemma’s level of anxiety was unclear. Visual analysis

demonstrated a small effect; however, statistical analysis reports the effect as trivial. Interest-

ingly, all participants demonstrated reduced levels of anxiety during the final phase of the

Table 2. Summary of self-selected physical activities (normal) and intervention (bold).

Phase A Phase B

Niall 1. Calisthenics, inconsistent walks & runs

2. Low-intensity gym-based workout, hockey

training* &

1. Hockey training* & matches

3. Activity log not available

2. Resistance & cardiovascular activity, calisthenics,

walks*, hockey training

3. Resistance & cardiovascular activity, five-a-side

football, hockey training*
4. Resistance & cardiovascular activity, walks, runs, gym

workouts, hockey training & matches

4. Resistance & cardiovascular activity, calisthenics,

walks*, hockey training

Luigi 1. Treadmill runs, playing with kids

(outdoors), therapeutic exercises (injury)

2. Treadmill runs, playing with kids

(outdoors), moderate outdoor manual labour

3. Treadmill runs, home workout

4. Treadmill runs, calisthenics

1. Resistance & cardiovascular activity, rollerblading,

playing with kids (outdoors), calisthenics

2. Resistance & cardiovascular activity

3. Resistance & cardiovascular activity

4. Resistance & cardiovascular activity

Kristen 1. Heavy housework, outdoor walks

2. Heavy housework

3. Activity log not available

4. Moderate housework

1. Resistance & cardiovascular activity

2. Resistance & cardiovascular activity, outdoor walks,

moderate-heavy housework

3. Resistance & cardiovascular activity, moderate

housework, therapeutic exercise (post-surgery)

4. Resistance & cardiovascular activity, moderate

housework, snowmobiling

Abel 1. Camp activities, moderate outdoor manual

labour, outdoors walks

2. Recreational sport activities, outdoor walks

3. Camp activities, outdoor walks

4. Light outdoor manual labour, indoor walks

1. Resistance & cardiovascular activity, camp activities,

moderate outdoor manual labour, outdoor walks

2. Resistance & cardiovascular activity, recreational

sport activities, outdoor walks

3. Resistance & cardiovascular activity, recreational

sport activities, outdoor walks

4. Resistance & cardiovascular activity, Light outdoor

manual labour, indoor walks

Gemma 1. Hiking, outdoor runs*, circuit training*
2. Outdoor walks, recreational outdoor

activities, gym class*
3. None reported

4. Light intensity calisthenics

1 Resistance & cardiovascular activity, interval training,

circuit training, rehabilitation exercises

2. Resistance & cardiovascular activity, light-intensity

calisthenics, yoga

3. Resistance & cardiovascular activity, yoga

4. Resistance & cardiovascular activity, light-intensity

calisthenics

Simon 1. Cycling*, resistance training, runs

2. Resistance training, runs

3. Resistance training, runs

4. Resistance training, runs

1. Resistance & cardiovascular activity, touch rugby*,
cycling, resistance training, runs

2. Resistance & cardiovascular activity, cycling*, runs

3. Resistance & cardiovascular activity, cycling*,
resistance training, runs

4. Resistance & cardiovascular activity, runs

Additional activities were informed by daily activity log or included follow-up interviews. The number represents the

phase ordering (e.g., 1 = first A or B phase).

* Indicates an inconsistent involvement in the stated activity.

https://doi.org/10.1371/journal.pone.0302260.t002
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study compared to those levels reported during the initial phase; however, overlap was present

between all phases across all cases suggesting a temporal pattern of change. Only Kristen

reported NAP levels which could suggest a greater probability of lower levels of anxiety in

non-intervention phases (NAP = 0.25). It should be noted that Gemma consistently demon-

strated a downward trend in levels of anxiety in intervention phases. Only one participant

reported symptoms of reduced sleep quality and insomnia (Kristen). Despite WC-SMD

reporting a small negative effect, visual analysis reported a trivial effect. Further, NAP suggests

the probability randomly selected data point for sleep score being lower during an intervention

phase was 43%. It should be noted that Kristen’s sleep score was lower at the end of the study

compared to those reported at the start of the study, indicating an improvement in symptoms.

Qualitative data

Fig 8 presents a visual summary of the topics emerged from the semi-structured interviews,

including information relevant to the context of the study (8A), intervention experience (8B),

and perception towards the effect of the intervention on symptoms (8C). Topics of discussion

highlighted in green present information that may have contributed to a positive participant

experience and generally included improved memory, coping skills emotional control and

anxiety, the role of goal setting, and satisfaction with the active rehabilitation programme.

Topics of discussion highlighted in red present a potentially negative experience. These include

information such as COVID-19 and the political atmosphere as well as exercise tolerance, pro-

gression, and motivation. Topics of discussion highlighted in yellow presented points that

were not clearly linked to a positive or negative experience (e.g., weather, unclear or neutral

feelings, and preferences).

The most obvious influence that emerged from the results which impacted every participant

was the presence of the COVID-19 pandemic and subsequent lockdown restrictions. This

seemed to influence Niall and Luigi the most. These two participants began the study at the

very start of the pandemic where restrictions were the harshest and the levels of uncertainty

were the highest. It seemed to affect Kristen the least, who lives in a quite secluded part of New

York (state). The presence of the pandemic had both a direct and indirect effect on the success

of the intervention. The pandemic influenced some outcomes of interest such as symptoms of

anxiety and depression. Lockdown restrictions could also influence executive function as illus-

trated by Niall, who reported that motivation, attention, and concentration were disrupted. It

Table 3. Summary of quantitative case results.

Outcome measure Visual analysis WC-SMD NAP Summary

Cognitive function 4.50–5.75 (small—moderate) -1.14–0.30 (trivial—large) 0.25–0.59 1 1 1

Executive function 4.00–7.00 (small—large) -0.18–1.69 (trivial—large) 0.44–0.79 4 2 0

Mindful attention 3.50–4.75 (small) -0.52–0.09 (trivial—moderate) 0.30–0.51 0 1 1

Total number–overall cognitive function 5 6 1

Loneliness 6.50 (moderate) -0.01 (trivial) 0.40 0 1 0

Anxiety 5.00–6.50 (moderate) -0.87–0.26 (trivial—large) 0.25–0.53 1 1 2

Depression 3.50–4.75 (small) -0.58–1.01 (mod.—large) 0.26–0.75 1 0 3

Irritability 7.00 (large) 0.11 (trivial) 0.52 0 1 0

Sleep 0 (none) -0.20 (small) 0.43 0 1 0

Total number–overall mood and behaviour 2 4 5

A = non-intervention phase. B = intervention phase. NAP = non-overlap of all pairs. SD = standard deviation. WC-SMD–within case standardized mean difference.

Green = positive effect. Yellow = unclear effect. Red = negative effect.

https://doi.org/10.1371/journal.pone.0302260.t003
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Fig 4.

https://doi.org/10.1371/journal.pone.0302260.g004
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should be noted that two participants contracted COVID-19 during the study (Kristen, Abel),

resulting in further direct effects of the global pandemic. Indirectly, COVID-19 and subse-

quent lockdowns also impacted socialisation which had a notable impact on Niall, Abel, and

Fig 5.

https://doi.org/10.1371/journal.pone.0302260.g005
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Fig 6.

https://doi.org/10.1371/journal.pone.0302260.g006
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Fig 7.

https://doi.org/10.1371/journal.pone.0302260.g007
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Fig 8.

https://doi.org/10.1371/journal.pone.0302260.g008
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Gemma. That said, we do also acknowledge that the pandemic and ‘stay at home’ messaging

did facilitate a home-based active rehabilitation programme whereby greater leisure time was

available for some due to reduced travel to and from working and social commitments.

The political discourse present in the United States affected the three American participants

to varying degrees. Abel considers himself passionate about, and therefore hyper-involved in,

the political culture of the US. Therefore, the BLM protests, the Capitol attack, and the Presi-

dential election resulted in increased feelings of stress. This effect was vastly reduced in the sec-

ond half of the study following the end of the election cycle, as evidenced in the PSS scores.

While still affected by the same factors, Gemma was less involved and therefore found that the

political discourse had more of an ‘exhausting’ effect and produced feelings of irritability.

Finally, Kristen reported some levels of stress concerning the present circumstances; however,

she was better able to cope as she was not as directly exposed to some of the unrest living in a

secluded area compared to Abel and Gemma who were more city-based.

Work was another factor that was mentioned by several participants. As someone working

in the healthcare industry, who also received a work promotion during the study, Luigi felt

direct pressure from the COVID-19 pandemic. This was evidenced in his PSS scores. Abel and

Gemma both suffered from job instability. Abel changed jobs at least three times during the

study, as each position was more seasonal in nature and induced a degree of anxiety and frus-

tration as well as resulting in periods of physically demanding work. Gemma’s work was

directly impacted by the COVID-19 pandemic. After the onset of the pandemic, her job posi-

tion became less stable. She tried taking on per diem work, but regardless her work situation

was unstable largely throughout the study. In contrast, Simon reported a positive effect on his

general well-being after returning to work following a prolonged period of medical leave.

Programme prescription and activity selection was another factor that emerged from the

data. Exercise intolerance was present in two participants (Kristen, Simon) who both reported

a history of moderate-to-severe TBI. Kristen struggled with fully participating in the study as a

direct result of her exercise intolerance. While she was willing to ‘push through’ some short-

term adverse reactions, she expressed that any time she overcame her exercise intolerance, the

phase would change to a non-intervention phase and she had to start all over again during the

next intervention phase. This sentiment is further supported by reported outcome measures in

phase B4, which occurred immediately after phase B3 resulting in a double intervention phase.

When given an additional six weeks of intervention, levels were improved for cognitive func-

tion, anxiety, and depression. Simon’s exercise intolerance was less severe, but it did have an

impact on what activities could be prescribed. He did not report any adverse events because of

the programme, aside from his difficulty with constant disruption and lack of control over his

programmes. COVID-19 and subsequent lockdowns resulted in the disruption of preferred

activities for several participants. Niall was not able to go to the gym or consistently take part

in field hockey which he reported was a source of frustration. Not only were these his preferred

activities, but both involved an element of socialisation and associated social capital. Luigi

noted that he struggled to find ‘me time’ as he never felt comfortable returning to the gym

even when it was open despite this being his preferred setting due to a fear of contracting

COVID-19. Simon struggled with the inconsistency of gym availability which resulted in con-

stant changes to his programmes. Finally, the weather had both a positive and a negative

impact on activity selection depending on the time of year. Niall, Luigi, Abel, and Gemma all

preferred outdoor activities, which meant participants enjoyed activity more in the warmer

and less rainy months of the year when they could get outside. Despite these factors, various

participants still expressed satisfaction with their programmes (Niall, Luigi, Gemma). Positive

experiences were increased when the intervention utilised a goal-setting element to increase

motivation (Niall, Luigi, Simon).
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Discussion

This mixed-methods single case design provides the first primary level evidence to suggest that

active rehabilitation has potential as an intervention for those suffering from symptoms related

to suspected CTE. Overall, active rehabilitation had a largely positive effect on measures of

cognitive function whilst the results for mood and behaviour across the intervention period

was mixed and heavily influenced by factors such as the COVID-19 pandemic.

Quantitative analysis suggests that active rehabilitation had an almost equally positive and

unclear effect on overall cognitive function. These findings reflect that reported by Hearn et al.

[9] who observed a pooled estimate across three studies as moderately positive but with confi-

dence intervals crossing positive, unclear, and negative effects on cognitive function in popula-

tions with tau pathologies. Considering the outcome measures of general cognitive function

(one positive, one trivial, one negative), the effect of active rehabilitation was inconclusive and

suggestive of individual variation. The effect of active rehabilitation on measures of general

cognitive function were inconclusive, with one trivial effect and one negative effect reported.

Across the study, the only impairment observed in all participants was executive dysfunction.

This supports the inclusion of memory impairment and executive dysfunction in the updated

TES criterion presented by Katz and colleagues [5]. Four of the six participants reported a pos-

itive effect for executive function overall (Niall, Luigi, Abel, Simon) with two others being

unclear (Kristen, Gemma). Importantly, there was no negative effect observed on measures of

executive function. Overall, the effect of active rehabilitation on cognitive function has yet to

be fully determined but is promising. While the underlying physiological mechanisms are yet

to be fully understood, exercise is known to have a positive impact on neurogenesis and angio-

genesis [19, 20] which can have a positive influence on executive function.

The results for mood and behaviour symptoms were largely inconclusive. When consider-

ing the individual outcome measures, one positive, one trivial, and two negative effect were

observed for anxiety. Whilst this outcome is surprising from a purely quantitative viewpoint,

based on the qualitative results, it is unlikely that these effects are attributed solely to the active

rehabilitation programme. For example, the qualitative data suggests COVID-19 and subse-

quent lockdowns had both a direct and indirect effect on many of these outcomes. Participants

expressed how the consequences of lockdowns in response to the pandemic directly influenced

symptom levels. Specifically, lockdowns negatively influenced components of executive func-

tion, as well as levels of anxiety and depression. One participant (Gemma) further expressed

her feelings of fear and anxiety about the presence of the virus itself, specifically about the dan-

ger it posed to her loved ones. These findings reflect similar observations in various popula-

tions where the COVID-19 pandemic resulted in higher reported levels of stress, anxiety, and

depression [21, 22]. Supported by the PSS scores and participant interviews, the influence was

likely stronger earlier on in the intervention period as participants eventually began to adapt to

life with COVID-19. For those who contracted the virus (Kristen, Abel), symptom levels were

also likely influenced by the presence of the virus. In addition to the respiratory and inflamma-

tory symptoms associated with COVID-19, contracting COVID-19 has also been associated

with the development of fatigue, anxiety, depression, and cognitive disturbances [23].

Despite the various proximal and distal factors being discussed, some of which were

unprecedented and, at times, had a substantial influence on participant symptoms, this study

was still able to provide positive results. Supported by the quantitative results, participants

directly reported that they felt the active rehabilitation programme had a positive effect on

symptoms of memory, attention, depression, and anxiety. It was suggested the effect may have

been cumulative across the twelve-month intervention period (Kristen, Abel, Gemma). This is

supported by the improvement of various outcome measures at the end of the study despite
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conflicting visual and/or statistical analysis, such as the improvement in levels of cognitive

function in the case of Kristen or the improvement in levels of depression in the case of Abel.

At the very least the programme offered a way to cope with or better manage symptoms as sug-

gested by Luigi, Abel, Gemma. This is demonstrated by the consistent decreased variability in

levels of irritability (Luigi) and loneliness (Niall) consistently observed during intervention

phases despite a reported trivial effect. If repeated under more stable conditions, there is a

potential for a greater, and perhaps stronger, number of observed positive effects, especially

when considering the greater understanding of the context and individual preferences that

emerged in this study. Further, some of the participants may not have met the eligibility crite-

ria had these unprecedented factors not been present. For example, Niall’s levels of loneliness

were only above reported population average during the baseline phase and proceeded to drop

throughout the first half of the study independent of the active rehabilitation programme.

Therefore, future research and clinical practice might consider symptoms and inclusion crite-

ria that are evident outside of other factors such as the environment and personal

circumstances.

This study also supports the use of a person-centred approach in future research and clini-

cal care, as evidenced by the enhanced understanding of participant context and study experi-

ence. Utilising a mixed methods approach with data integration has allowed for an in-depth

understanding of the observed visual and statistical results. This was further enhanced by the

study length (twelve months). A person-centred approach to programme prescription ensured

participant satisfaction and reduced dropouts. This is evidenced by the six participants who

completed the twelve-month study and reported programme satisfaction despite many not

having access to preferred activities.

Whilst this study is the first empirical investigation within this area, this study is not with-

out some limitations. Firstly, we note that some features of the study might limit the generali-

sability of the findings. Indeed, the TES criteria was updated after the study commenced, the

study was carried out during a pandemic, and the outcomes lack specificity to a a suspected

CTE population. Secondly, whilst online methods were essential for the success of this study,

there is an inherent lack of control over aspects such as other activities and the intensity these

are performed which would impact some outcomes used in the study. Also, the online nature

meant that outcomes were limited to questionnaires and qualitative data whereas objective

measure to supplement these might have strengthened the validity of these findings. Future

research should continue to utilise a person-centred approach within this area of enquiry to

improved intervention efficacy while continuing to maintain study adherence and participant

satisfaction. Also, future work should seek substantiate the findings in this study to allow for

pooling of data.

In conclusion, this study has provided evidence to establish the potential use of active

rehabilitation for the management of suspected CTE using a mixed-methods single case

research design. Based on the results of this study, a narrative summary of the integrated

qualitative and quantitative results has been provided in Table 4. This table provides a holis-

tic understanding of individual cases and observed effects supporting an overall conclusion,

though we do refer readers to the individual cases in S3–S8 Tables given the person-centred

approach of the study. This study has offered preliminary evidence which suggests active

rehabilitation may offer some benefit to individuals with symptoms of suspected CTE and

warrants further investigation using standardised and innovative methodologies. This study

has also demonstrated the benefit of a person-centred approach to both clinical research

and practice. Considering factors such as personal circumstances, cultural climate, and a

detailed intervention response allows for a better understanding of an intervention effect

within the context of the study.
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Supporting information

S1 Table. Screening assessment. MCI: mild cognitive impairment; PROMIS: Patient-reported

outcomes measurement information system. N/A: not applicable due to multiple subscales

used.

(DOCX)

S2 Table. Outcome assessments.

(DOCX)

S3 Table. Niall’s summary of results.

(DOCX)

S4 Table. Luigi’s summary of results.

(DOCX)

S5 Table. Kristen’s summary of results.

(DOCX)

Table 4. Summary of integrated results.

Participant Summary of observed effect–Cognitive Functioning

Niall Positive. Particularly on memory and attention. Effect was boosted by coping mechanisms developed

with the help of NHS CBT. Proximal and distal factors had a negative effect on both outcome measures

and programme delivery, especially COVID-19 lockdowns.

Luigi Positive. Particularly on memory. Proximal and distal factors, especially COVID-19 lockdowns, did not

influence the effect of the programme but perhaps disrupted the size of effect reported.

Kristen Inconclusive. Executive function particularly sensitive to medication levels. Exercise intolerance had a

significant impact on outcome measures.

Abel Positive. Quantitative results for attention were inconclusive; however, absence of intervention showed

consistent negative effect. Expressed feeling a cumulative effect from the intervention.

Gemma Inconclusive. Qualitative analysis offered little insight to support any effect.

Simon Positive. Qualitative analysis offered little insight.

Participant Summary of observed effect–Mood & behavioural symptoms

Niall Inconclusive. Proximal and distal factors had a negative effect on both outcome measures and

programme delivery, especially COVID-19 lockdowns. Unsure if intervention was fully responsible for

perceived improvement of loneliness and social isolation. Adding a social element to intervention had

a positive effect on outcome measures.

Luigi Positive. Learned to use activity as a coping mechanism for negative mood/behavioural symptoms,

particularly irritability. The absence of intervention contributed to increased feelings of apathy and

lack of control, whereas presence of intervention reported increased control and positive emotions

alongside improved outcome measures. Strong association between PSS scores and mood/behavioural

outcome measures. Proximal and distal factors, especially COVID-19 lockdowns, did not influence the

effect of the programme but perhaps disrupted the size of effect reported.

Kristen Negative effect on anxiety and depression. Depression and apathy particularly sensitive to medication

levels. Exercise intolerance had a significant impact on outcome measures. Feelings of isolation caused

by COVID-19 pandemic and civil unrest also contributed. No effect observed on sleep.

Abel Inconclusive. Despite negative quantitative analysis, expressed feeling a cumulative effect and general

improvement in symptoms. Particularly on levels of depression. Proximal and distal factors had a

significant influence on mood/behavioural symptoms, including work, travel, COVID-19 pandemic,

and civil unrest. Negative effects primarily observed in first half of study.

Gemma Inconclusive. Expressed feeling a cumulative effect particularly with levels of anxiety. COVID-19, civil

unrest, and frequent travel had a particular influence on levels of anxiety, stress, and feelings of

isolation.

Simon Inconclusive. Quantitative analysis offered a negative effect; however, qualitative analysis offered little

insight.

https://doi.org/10.1371/journal.pone.0302260.t004
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S6 Table. Abel’s summary of results.

(DOCX)

S7 Table. Gemma’s summary of results.

(DOCX)

S8 Table. Simon’s summary of results.

(DOCX)

Acknowledgments

We would like to thank the participants who demonstrated such courage and dedication, espe-

cially in such chaotic and unprecedented times. We would also like to pay tribute to our co-

author, Maria I Cordero, who sadly passed before this manuscript could be completed. Maria

your patience, your kindness, and your pursuit of excellence will never be forgotten.

Author Contributions

Conceptualization: Rachael Hearn, James Selfe, Maria I. Cordero, Nick Dobbin.

Data curation: Rachael Hearn.

Formal analysis: Rachael Hearn, James Selfe, Maria I. Cordero, Nick Dobbin.

Investigation: Rachael Hearn.

Methodology: Rachael Hearn, James Selfe, Maria I. Cordero, Nick Dobbin.

Supervision: James Selfe, Maria I. Cordero, Nick Dobbin.

Writing – original draft: Rachael Hearn, Nick Dobbin.

Writing – review & editing: Rachael Hearn, James Selfe, Nick Dobbin.

References
1. McKee AC, Cairns NJ, Dickson DW, Folkerth RD, Dirk Keene C, Litvan I, et al. The first NINDS/NIBIB

consensus meeting to define neuropathological criteria for the diagnosis of chronic traumatic encepha-

lopathy. Acta Neuropathologica. 2016; 131:75–86. https://doi.org/10.1007/s00401-015-1515-z PMID:

26667418

2. McKee AC, Stein TD, Huber BR, Crary JF, Bieniek K, Dickson D, et al. Chronic traumatic encephalopa-

thy (CTE): criteria for neuropathological diagnosis and relationship to repetitive head impacts. Acta Neu-

ropathologica. 2023; 145(4):371–394. https://doi.org/10.1007/s00401-023-02540-w PMID: 36759368

3. Smith DH, Johnson VE, Trojanowski JQ, Stewart W. Chronic traumatic encephalopathy—confusion

and controversies. Nat Rev Neurol. 2015; 15(3):179–183.

4. Cantu R, Budson A. Management of chronic traumatic encephalopathy. Expert Rev Neurother. 2019;

19(10):1015–1023. https://doi.org/10.1080/14737175.2019.1633916 PMID: 31215252

5. Katz DI, Bernick C, Dodick DW, Mez J, Mariani ML, Adler CH, et al. National Institute of Neurological

Disorders and Stroke consensus diagnostic criteria for traumatic encephalopathy syndrome. Neurol.

2021; 96(18):848–863. https://doi.org/10.1212/WNL.0000000000011850 PMID: 33722990

6. Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE, Au R, et al. Clinical subtypes of chronic

traumatic encephalopathy: literature review and proposed research diagnostic criteria for traumatic

encephalopathy syndrome. Alzheimer’s Res Ther. 2014; 6(5):1–7. https://doi.org/10.1186/s13195-014-

0068-z PMID: 25580160

7. Fusco A, Olowofela B, Dagra A, Hatem R, Pierre K, Siyanaki MR, et al. Management of Neuropsychiat-

ric Symptoms for Chronic Traumatic Encephalopathy. MedPress Psychiatry Behav Sci. 2022; 1

(1):202209003.

8. Rossi C, Campese N, Colosimo C. Emerging symptomatic treatment of Chronic Traumatic Encephalop-

athy (CTE): a narrative review. Expert Opin Pharmacother. 2023; 24(13):1415–1525. https://doi.org/10.

1080/14656566.2023.2224501 PMID: 37300418

PLOS ONE Effect of active rehabilitation for symptoms of suspected CTE

PLOS ONE | https://doi.org/10.1371/journal.pone.0302260 May 30, 2024 21 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302260.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302260.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302260.s008
https://doi.org/10.1007/s00401-015-1515-z
http://www.ncbi.nlm.nih.gov/pubmed/26667418
https://doi.org/10.1007/s00401-023-02540-w
http://www.ncbi.nlm.nih.gov/pubmed/36759368
https://doi.org/10.1080/14737175.2019.1633916
http://www.ncbi.nlm.nih.gov/pubmed/31215252
https://doi.org/10.1212/WNL.0000000000011850
http://www.ncbi.nlm.nih.gov/pubmed/33722990
https://doi.org/10.1186/s13195-014-0068-z
https://doi.org/10.1186/s13195-014-0068-z
http://www.ncbi.nlm.nih.gov/pubmed/25580160
https://doi.org/10.1080/14656566.2023.2224501
https://doi.org/10.1080/14656566.2023.2224501
http://www.ncbi.nlm.nih.gov/pubmed/37300418
https://doi.org/10.1371/journal.pone.0302260


9. Hearn R, Selfe J, Cordero MI, Dobbin N. The effects of active rehabilitation on symptoms associated

with tau pathology: An umbrella review. Implications for chronic traumatic encephalopathy symptom

management. PLoS One. 2022;21; 17(7):e0271213. https://doi.org/10.1371/journal.pone.0271213

PMID: 35862387

10. Shamseer L, Sampson M, Bukutu C, Schmid CH, Nikles J, Tate R, et al. CONSORT extension for

reporting N-of-1 trials (CENT) 2015: Explanation and elaboration. Br Med J. 2015;350:https://doi.org/

10.1136/bmj.h1793 PMID: 25976162

11. Vohra S, Shamseer L, Sampson M, Bukutu C, Schmid CH, Tate R, et al. CONSORT extension for

reporting N-of-1 trials (CENT) 2015 Statement. Br Med J. 2015;350: https://doi.org/10.1136/bmj.h1738

PMID: 25976398

12. Borg G. Borg’s perceived exertion and pain scales. Human kinetics; Champaign, USA 1998.

13. Wolfe K, Barton EE, Meadan H. Systematic protocols for the visual analysis of single-case research

data. Behavior Analysis in Practice. 2019; 12(2):491–502. https://doi.org/10.1007/s40617-019-00336-7

PMID: 31976257

14. Kratochwill TR, Hitchcock J, Horner RH, Levin JR, Odom SL, Rindskopf DM, et al. Single-case designs

technical documentation. 2010; Retrieved from What Works Clearinghouse website: http://ies.ed.gov/

ncee/wwc/pdf/wwc_scd.pdf.

15. Manolov R, Guilera G, Solanas A. Issues and advances in the systematic review of single-case

research: A commentary on the exemplars. Remedial Spec Educ. 2017; 38(6):387–393.

16. Pustejovsky JE, Chen M., & Swan DM. Single-case effect size calculator (Version 0.6.0.9999) [Web

application]. 2022. Retrieved from https://jepusto.shinyapps.io/SCD-effect-sizes.

17. Cohen J. Statistical power analysis. Current Directions in Psychol Sci. 1992 Jun; 1(3):98–101.

18. Yin RK. Case study research: Design and methods. Vol. 5. Thousand Oaks, CA: Sage; 2009.

19. Calverley TA, Ogoh S, Marley CJ, Steggall M, Marchi N, Brassard P, et al. HIITing the brain with exer-

cise: mechanisms, consequences and practical recommendations. The Journal of physiology. 2020

Jul; 598(13):2513–30. https://doi.org/10.1113/JP275021 PMID: 32347544

20. Vorkapic C, Leal S, Alves H, Douglas M, Britto A, Dantas EH. Born to move: a review on the impact of

physical exercise on brain health and the evidence from human controlled trials. Arquivos de Neuro-Psi-

quiatria. 2021 Jul 23; 79:536–50.
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