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Background: The training of impaired attention after acquired brain injury is central for
successful reintegration in daily living, social, and working life. Using statistical process
control, we found different improvement trajectories following attention training in a
group of relatively homogeneous patients early after acquired brain injury (ABI).

Objective: To examine the contribution of pre-injury factors and clinical characteristics
to differences in outcome after early attention training.

Materials and Methods: Data collected in a clinical trial comparing systematic
attention training (APT) with activity-based attention training (ABAT) early after brain injury
were reanalyzed.

Results: Stroke patients (p = 0.004) with unifocal (p = 0.002) and right hemisphere
lesions (p = 0.045), and those with higher mental flexibility (TMT 4) (p = 0.048) benefitted
most from APT training. Cognitive reserve (p = 0.030) was associated with CHANGE
and APT as the sole pre-injury factor. For TBI patients, there was no statistical difference
between the two treatments.

Conclusion: Our study identifies indiscernible factors predicting improvement after early
attention training. APT is beneficial for patients with right-hemispheric stroke in an early
recovery phase. Knowledge of prognostic factors, including the level of attention deficit,
diagnosis, and injury characteristics, is vital to maximizing the efficiency of resource
allocation and the effectiveness of rehabilitative interventions to enhance outcomes
following stroke and TBI.

Keywords: attention training, prediction, early rehabilitation, functional outcome, acquired brain injury, statistical
process control (SPC)

INTRODUCTION

Cognitive impairment is one of the major limiting factors for a successful recovery after acquired
brain injury (ABI), leading to constraints in resuming earlier social roles in the home, personal
relations, and working life. This issue is particularly pronounced in persons with primarily cognitive
injuries with minor or no motor impairment (Skoglund et al., 2019). In addition, the family, social,
and working environment may set expectations that cannot be met by the brain-injured person
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leading to misunderstandings, personal failures, and
marginalization (Wallenbert and Jonsson, 2005; Arntzen
et al., 2015; Nasr et al., 2016; Goverover et al., 2017).

Attention dysfunction remains one of the most common long-
term cognitive consequences after brain injury affecting learning
skills, daily functioning, and the social and emotional life of
the individual (Barker-Collo et al., 2010; Ponsford et al., 2014;
Markovic et al., 2020).

There are several ways to remedy attention impairment,
including structured restorative attention training tapping on
underlying processes (Raskin, 2011; Cicerone et al., 2019),
compensatory adaptation to activity requirements allowing a
gradually resumed independence (Raskin, 2011) and meta-
cognitive strategy training to improve generalization of learned
skills (Sohlberg and Turkstra, 2011; Dymowski et al., 2016;
Cicerone et al., 2019).

Several guidelines recommend focusing attention on a high
priority level (Haskins et al., 2013; Ponsford et al., 2014; Cicerone
et al., 2019). The method Attention Process Training (APT)
(Sohlberg and Mateer, 1989) is considered a practice standard,
i.e., should regularly be used to ameliorate attention deficits
in the chronic stage after brain injury (Haskins et al., 2013;
Cicerone et al., 2019).

Studies regarding effects during the acute stage show more
varying results due to difficulties separating the effects of
spontaneous recovery and attention training (Cicerone et al.,
2005; Barman et al., 2016).

We have used Statistical Process Control (SPC) with repeated
assessments as an alternative approach to pre-and post-
evaluation to study the effects of attention training during
the first 4 months post-ABI (Markovic et al., 2017a; Markovic
et al., 2020). SPC is a set of statistical methods that can
follow a rehabilitation process over time to detect either
deteriorating performance or improvements (Montgomery,
2012). SPC combines statistical rules with time-series graphical
representations enabling decision-making for professionals in
clinical practice (Callahan and Barisa, 2005).

This study examines possible predictive factors advantageous
for individual treatment outcomes. Although APT is
recommended as a practice standard, little is known of the
predictive factors.

We performed a PubMed literature search (predictor,
prognosis, cognitive rehabilitation, cognitive training, and
brain injury), yielding only 16 studies, of which two were
relevant (Rosti-Otajärvi et al., 2013; Tornås et al., 2019).
There are no studies on predictive factors on attention
training. Different features for the participants, such as
age, sex or demographical variables, occupational status
and premorbid cognitive level, might be considered pre-
injury characteristics. Another group of mechanisms possibly
influencing a treatment might be clinical variables, such as
aetiology and localization of a lesion. Further, the outcome of
a rehabilitative treatment might depend on the initial cognitive
state, measured as performance on tests of attention, mental
flexibility, and speed.

The present explorative study aimed to identify the impact
of those factors, such as injury-related clinical factors, initial

cognitive functioning, and pre-injury variables for improvement
after the two different types of intensive attention training.

MATERIALS AND METHODS

This work is part of a clinical RCT trial (registration no.
NCT02091453) (Bartfai et al., 2014) comparing two attention
interventions approved by the Karolinska Institutet Ethical
Committee (registration no 2007/1363-31).

Participants
In- or outpatients (n = 59) (Table 1) with mild to moderate
stroke or traumatic brain injury participated from a university
hospital providing certified brain injury rehabilitation
programs according to the Commission on Accreditation
of Rehabilitation Facilities (CARF). All patients had a Barthel
index >50 points (Mahoney and Barthel, 1965), Matrices
(WAIS-III) ≥ 7 scaled score and Albert’s Test ≤ 3 errors
(Lezak et al., 2012), Rivermead Behavioural Memory Test,
profile score ≥ 10, screening score ≥ 2 (Wilson et al., 2000),
and score <10 on the Hospital Anxiety and Depression
Scale (Zigmond and Snaith, 1983). Only 8% had suffered a
previous brain injury.

Attention impairment was defined as a performance
≤70% on ≥2 subtests of the APT test with a margin for
expected daily fluctuations, lower than the recommended
cut-off at 80% (Sohlberg and Mateer, 1987). Mean values and
frequencies for demographic characteristics are presented in
Table 1.

Treatments
Intensive interdisciplinary rehabilitation (6 h/day, 4–5 days
weekly, 8–12 weeks) was complemented by 20 h of additional
attention training (3–5 days weekly, 4–6 weeks) within
4 months post-injury (M = 60, SD = 26 days; min = 16;
max = 105). Participants were randomized to APT (45–
90 min/session), or Activity-Based Attention Training (ABAT)
(60–120 min/session).

The APT (Sohlberg and Mateer, 1987) is a process-oriented
hierarchically based, person-centred, individual attention-
training program comprising repetitive exercises, meta-cognitive
strategy training, and psycho-education.

The ABAT (Stephens et al., 2015; Sargénius Landahl,
2021) involves attention-demanding activities in the
domains of personal care, household activities, work, and
leisure. By integrating performance skills training and
metacognitive training, attempts are made to incorporate
the International Classification of Functioning and Health
(ICF) domains body functions with activity and participation
(Sigmundsdottir et al., 2016).

Measurements
The Dependent Variable
The dependent variable in the present study was CHANGE/NO
CHANGE. CHANGE comprises patients with significant
improvement in performance for Paced Auditory Serial
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TABLE 1 | Demographical characteristics of participants at baseline assessment according to the type of treatment and treatment outcome (CHANGE/NO CHANGE).

Variable Total sample APT ABAT

CHANGE NO CHANGE CHANGE NO CHANGE

(n = 59) (n = 27) (n = 5) (n = 15) (n = 12)

Age, years, mean ± SD 45 ± 11 45 ± 13 42 ± 9 44 ± 12 46 ± 8

Gender Female, n (%) 21 (36) 13 (48) 2 (40) 4 (27) 3 (25)

Marital status, n (%)

Married/co-habiting 50 (85) 21 (78) 5 (100) 13 (87) 9 (75)

Single 9 (15) 6 (22) 0 (0) 2 (13) 3 (25)

Educationa, n (%)

<9 years 1 (2) 1 (4) 0 (0) 0 (0) 0 (0)

10–12 years 15 (25) 7 (26) 1 (20) 4 (27) 4 (33)

13–15 years 29 (49) 12 (44) 3 (60) 6 (40) 7 (58)

Occupational skills levelb, n (%)

Level 1 4 (7) 1 (4) 0 (0) 2 (13) 1 (8)

Level 2 13 (22) 8 (30) 0 (0) 3 (20) 2 (17)

Level 3 20 (34) 6 (22) 4 (80) 4 (27) 6 (50)

Level 4 22 (37) 12 (44) 1 (20) 6 (40) 3 (25)

HADS, Depression, M(q1–q3) 3(1–6) 3(1–6) 6(2–7) 5(1–9) 3(0–7)

HADS, Anxiety, M(q1–q3) 5(1–7) 5(1–7) 5(2–9) 5(2–8) 3(1–6)

Matrices (WAIS-III)c 17 ± 4 17 ± 4 18 ± 3 17 ± 3 16 ± 4

Cognitive reserve (CR)d , n (%)

Low CR 17 (29) 8 (30) 3 (60) 2 (13) 4 (33)

High CR 42 (71) 19 (74) 2 (40) 13 (87 8 (67)

APT, Attention Process Training; ABAT, Activity-based attention training; n, number; HADS, Hospital Anxiety and Depression Scale; (WAIS-III), Wechsler Adult Intelligence
Scale-III.
aCompleted years of highest attained educational level, from elementary school to master’s degree and above.
bOccupational skill level as defined by the International Standard Classification of Occupation, ISCO-08 and categorized in order of increasing complexity in
task requirements.
cNumber of correct items on Matrices (WAIS-III), raw scores.
dLow CR is defined as low scores on at least 2 of CR measures, accordingly high CR is defined as high scores on at least 2 of CR measures.

Addition Test (PASAT) (Gronwall, 1977) according to
statistical rules for SPC. The basis for identifying such
improvements originates in repeated-hypothesis testing,
where each observation in the time series data is evaluated
against a probability distribution (Callahan and Barisa, 2005;
Montgomery, 2012). Rules for identification of significant
improvements were: (i) one data-point outside 3 SD from
the mean, and (ii) 2 of 3 consecutive points falling ≥2 SD
from the centreline (Benneyan et al., 2003). NO CHANGE
patients displayed fluctuations between treatment sessions
but no significant improvement. Parts of these data (PASAT)
were already discussed previously (Markovic et al., 2017b;
Markovic et al., 2019). The present study differs by using
the dichotomized variables CHANGE/NO CHANGE as the
dependent variable.

Paced Auditory Serial Addition Test (PASAT) was selected
as the primary outcome variable since the SPC design required
a minimum of eight repeated measurements. The test was
administered before the attention training, after every 3rd h
of treatment and after completing therapy (Bartfai et al.,
2014). This test fulfilled the requirements for an acceptable
range of difficulty and repeatability. In addition, learning
effects (Gronwall, 1977) were analyzed. Although performance
improvement was found in both groups during the first three

administrations, statistical differences in performance emerged
from the fourth administration (Markovic et al., 2019).

The Independent Variables
The independent variables were pre-injury, injury-related, and
initial cognitive functioning (baseline assessment).

Pre-injury Variables
Age, gender, living conditions, length of education, and
occupational skills were selected as pre-injury variables.

Furthermore, premorbid cognitive functioning, often
estimated as premorbid IQ, is also a crucial pre-injury variable
(Lezak et al., 2012). Lately, the measure of Cognitive reserve (CR)
has been favored since it reflects factors influencing cognitive
processes during the lifetime (Barulli and Stern, 2013; Oldenburg
et al., 2016; Umarova et al., 2019). CR is usually estimated by
a combination of premorbid cognitive function occupational
and educational level in contrast to parameters related to brain
reserve, such as intracranial volume. There are no uniform ways
to estimate CR since countries’ occupational requirements and
educational systems vary (Umarova et al., 2019). Procedure
and statistics underlying CR are presented in Supplementary
Appendix 1.
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Injury-Related Variables and Initial Cognitive Functioning
Injury-related variables were classified into (1) distribution
according to the number of lesions (unifocal, multifocal
corresponding to ≥2 lesions), (2) localization according to the
side of injury (right, left, and bilateral), and (3) distribution
according to the lesion site (anterior, posterior, subcortical, and
global). The classification was based on medical and imagining
records and performed jointly by a rehabilitation specialist and a
neuropsychologist.

The APT test (Sohlberg and Mateer, 1987) screens attention
dysfunction. The task is to sustain focus and respond to
auditory and visual stimuli presented in distractor conditions for
focused, sustained, selective, divided, and alternating attention.
Performance scores for each subtest are presented as the
percentage of correct responses within the timeframe. In
addition, a weighted mean score was formed comprising the
results from all subtests <70%.

Digit Span (forward) and Letter-number sequencing from
the Weschler Adult Intelligence Scale (WAIS-III) (Lezak et al.,
2012) and Spatial Span (forward) from the Wechsler Memory
Scale III (WMS III) (Lezak et al., 2012) required reproduction
of sequences of stimuli. Therefore, they were considered as
measures of verbal and visual working memory. Data are
presented in raw scores. High scores indicate better performance.

The Colour-Word Interference Test (CWIT) from Delis-
Kaplan Executive Function Test (D-KEFS) (Delis et al., 2001) is
a four-part test measuring processing speed, the ability to inhibit
cognitive interference, and verbally mediated cognitive flexibility.
It requires naming colours presented in different settings. Low
scores indicate better performance.

The Trail Making Test (TMT) from D-KEFS (Delis et al., 2001)
is a five-part test measuring visual scanning, processing speed,
and visually mediated cognitive flexibility by sequencing stimuli
as fast as possible. In this study, we present data for subtests 2–5.
Again, lower scores indicate better performance.

Ruff 2&7 Selective Attention Test (Ruff 2&7) (Ruff et al.,
1992) measures sustained and selective visual attention. The
subject is required to detect the numbers 2 and 7 embedded
in sections of letters and digits. Data are presented in T scores
and corrected for age and education level. Higher scores indicate
better performance.

The Rey Auditory Verbal Learning Test (RAVLT) (Lezak et al.,
2012) is a verbal learning test distinguishing between different
memory components. The subject is asked to repeat a list of 15
words presented five times and recall the list with a 30-min delay.
Raw scores were transformed to T scores using age- and gender
corrected normative data (Lezak et al., 2012). High scores indicate
better verbal learning and memory.

Statistical Methods
Statistical process control combines statistical rules with time-
series graphical representations in control charts allowing for
change detection in an ongoing intervention before results from
a more extensive, ex-post evaluation are available (Callahan and
Barisa, 2005; Thor et al., 2007). With I-diagrams (individual
diagrams), the RCT study design in Markovic et al. (2017a)
allowed the identification of participants with significant

improvement (CHANGE) from those who did not improve (NO
CHANGE). The following procedure was used:

(1) I-diagrams within SPC was used to construct a
dichotomous variable as CHANGE/NO CHANGE.
Treatment outcome was based on individual control charts
where CHANGE was defined according to rules described
previously (Supplementary Figure 1).

(2) Exploratory data analysis (EDA) was performed,
examining differences between treatments for pre-injury
variables, injury-related variables, and initial cognitive
functioning post-ABI.

(3) Multiple linear regression was used to analyze the
relationship between identified significant correlations and
CHANGE/NO CHANGE (constant).

(4) Differences between treatments were formally evaluated
with ANOVA (parametric tests) and chi-square (non-
parametric tests). In addition, effect sizes were analyzed to
assess the magnitude of differences.

I-diagrams are based on the mean (Centreline) and three
standard deviations as the upper and lower control limit,
respectively. The control chart was adapted to fit the clinical
needs of early neurorehabilitation baseline measurement.
Therefore, the two first observations were used to define
the centre line. Next, a pooled SD measure based on the
two first observations was used to calculate control limits
(Markovic et al., 2017a).

As an EDA, we have first explored the relationship
between each test and CHANGE/NO CHANGE using Pearson
Correlation Coefficient for neuropsychological tests. Then, to
further investigate the linkage between CHANGE/NO CHANGE
and neuropsychological tests, significant correlations were
explored first in multiple linear regression analysis and then in
ANOVAs with separated interaction variables, i.e., in two separate
data sets, ABAT and APT.

Based on the requirements for ANOVA, CHANGE/NO
CHANGE was treated as the independent variable and
neuropsychological test scores as dependent variables.

Eta square analysis for ANOVA, η2 (small ∼ 0.01, medium
∼ 0.06, and large ≥0.14) was made to assess the effect
size (Lakens, 2013). Chi-square tests were used for analysis
on pre-injury and injury-related variables. Effect sizes (ES)
(Cohen, 1988) were calculated according to Cramer’s V (ES
V) (weak ≤0.2, moderate = 0.2–0.6, and strong ≥0.6). We
have used odds-ratios (OR) for the Chi-Square analysis to
estimate the odds for obtaining CHANGE, given the presence of
independent variables.

The statistical software used for all statistical analysis was SPSS
for Windows version 22.0 and MS Excel. Statistical significance
level was set at p < 0.05 2-tailed for all analyses.

RESULTS

The odds for obtaining CHANGE were 4.3 times higher for
APT patients than for ABAT patients [OR of 0.231 for NO
CHANGE/CHANGE with 95% CI (0.068, 0.784)] (Figure 1). The
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FIGURE 1 | The left chart presents mean scores of the Paced Auditory Serial Addition Test (PASAT) at each measurement point. These data were published earlier
(Markovic et al., 2020) and are enclosed to illustrate the different improvement patterns in performance during the study. The right chart shows the distribution of
patients in the CHANGE vs. NO CHANGE groups separated according to treatment groups (APT, Attention Process Training; ABAT, Activity-Based Attention
Training).

effect size was moderate (ES V = 0.317). The X2 statistics [Pearson
X2 (1, N = 59) = 5,930, p = 0.015; Fisher’s Exact test = 0.021]
were published earlier (Markovic et al., 2020). In the following,
we present the contribution of injury-related, cognitive, and
demographical variables to the observed differences.

Injury-Related Clinical and Cognitive
Variables
Frequencies for aetiology and injury-related characteristics are
presented in Table 2.

Analysis between diagnostic groups showed that significantly
more stroke patients obtained CHANGE with APT training
[Pearson X2 (1, N = 46) = 8,073, p = 0.004; Fisher’s
Exact test = 0.010; ES V = 0.419; OR of 0.149 for NO
CHANGE/CHANGE with 95% CI (0.039, 0.593)] (Figure 2).
Among TBI patients, there was no difference in the distribution
of patients obtaining CHANGE depending on the type
of intervention.

Comparison between unifocal and multifocal lesions showed
that APT training was more beneficial for patients with unifocal
lesions [Pearson X2 (1, N = 59) = 9,886, p = 0.002; Fisher’s
Exact test = 0.002; ES V = 0.584; OR = 0.318 for NO
CHANGE/CHANGE with 95% CI (0.173, 0.587) p = 0.002].
All patients with right hemisphere lesions benefitted from APT
treatment [Pearson X2 (1, N = 22) = 6,079, p = 0.014; Fisher’s
Exact test = 0.036; ES V = 0.526] (Figure 3). There were
no significant differences for lesion sites (anterior, posterior,
subcortical, and global). None of the injury-related variables was
related to CHANGE in the ABAT group.

Other post ABI variables were initial neuropsychological test
results (Table 3). EDA with Pearson Correlation analysis revealed
a significant correlation between CHANGE/NO CHANGE verbal
mental flexibility (TMT 4), p = 0.016 and visual mental flexibility
(CWIT 4), p = 0.026. Multiple linear regression was used to test
if these neuropsychological variables also significantly predicted
CHANGE. The fitted regression model was: CHANGE/NO

CHANGE = 0.911 + 0.002∗(visual mental flexibility, TMT
4) – 0.002∗(verbal mental flexibility, CWIT 4). The overall
regression was statistically significant [R2 = 0.120, F(2,55) = 3.761,
p = 0.029]. However, we found that neither verbal mental
flexibility (β = 0.002, p = 0.143) nor visual mental flexibility alone
(β = 0.002, p = 0.376) significantly predicted CHANGE.

Differences between treatments were analysed with one-way
ANOVA. For APT patients, ANOVA indicated that CHANGE
was associated with better performance on inhibition/switching
(CWIT 4) F(1,31) = 4,245, p = 0.048, η2 = 0.128, 95%
CI [0,000, 0.349].

For ABAT patients, ANOVA showed that CHANGE was
associated with low scores on mental flexibility (TMT 4)
F(1,26) = 6,842, p = 0.015, η2 = 0.028, 95% CI [0,000, 0.279].

Pre-injury Variables
More APT patients with higher cognitive reserve displayed
CHANGE [Pearson X2 (1, N = 42) = 4,725, p = 0.030; ES V = 0.34;
OR = 0.34 for NO CHANGE/CHANGE with 95% CI (0.832,
10.596) and p = 0.030]. Crosstabulation revealed a significant
linear-by-linear association of 5,213 (p = 0.022) between high
premorbid IQ (Matrices from WAIS-III) and CHANGE after
APT, but not for education or occupational skill level (Figure 4).

There were no significant differences between groups
regarding age, gender, family status, length of education, or
occupational skills level (Table 1).

DISCUSSION

The present results indicate the advantage of the APT training
for stroke patients early after brain injury, particularly
for right hemisphere unifocal lesions (moderate ES). For
TBI patients, the type of attention training seemed to
have little or no influence on the outcome. The apparent
advantage of APT treatment suggests the assumption that
systematic attention training might target brain mechanisms
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TABLE 2 | Injury related characteristics of participants at baseline assessment according to type of treatment and treatment outcome (CHANGE vs. NO CHANGE).

Variable Total sample APT ABAT

CHANGE NO CHANGE CHANGE NO CHANGE

(n = 59) (n = 27) (n = 5) (n = 15) (n = 12)

Etiology stroke*, n (%) 46 (78) 22 (82) 4 (80) 9 (60) 11 (92)

Injury distribution, n (%)

Focal 29 (42) 15 (56) 0 (0) 7 (47) 7 (58)

Multifocal (≥2) 34 (58) 12 (44) 5 (100) 8 (53) 5 (42)

Injury side, n (%)

Left hemisphere 25 (42) 7 (26) 4 (80) 7 (47) 7 (58)

Right hemisphere 22 (37) 14 (52) 1 (20) 5 (33) 3 (25)

Bilateral 12 (20) 6 (22) 0 (0) 3 (20) 2 (17)

Lesion site, n (%)

Anterior 20 (34) 6 (22) 1 (20) 7 (47) 6 (50)

Posterior 11 (19) 7 (26) 1 (20) 1 (7) 2 (17)

Subcortical 22 (37) 9 (33) 3 (60) 6 (40) 4 (33)

Global 6 (10) 5 (19) 0 (0) 1 (7) 0 (0)

*For stroke patients, thrombosis accounted for 48%. TBI was a result of traffic accidents (n = 6), winter sports (n = 3), falls from heights (n = 3), and assault of person
(n = 1).

FIGURE 2 | Distribution of patients in the CHANGE vs. NO CHANGE groups
split for diagnosis (stroke, TBI) and treatment (APT, Attention Process Training;
ABAT, Activity-Based Attention Training), where the y-axis indicates the
number of patients in each subgroup.

for supervising and coordinating higher-order attention
functions (Mengotti et al., 2020). Imaging studies are needed
to analyze the putative mechanisms within the attentional
networks. The present results strongly indicate that patients
with right-hemispheric stroke need to receive systematic
cognitive training of attention, although the guidelines
do not emphasize specifically the consequence of etiology

FIGURE 3 | Distribution of patients in the CHANGE vs. NO CHANGE groups
split for injury localization (right, left, and bilateral) and treatment (APT,
Attention Process Training; ABAT, Activity-Based Attention Training), where the
y-axis indicates the number of patients for each subgroup.

(Haskins et al., 2013; Cicerone et al., 2019; Loetscher et al., 2019;
Spaccavento et al., 2019).

The influence of cognitive variables was limited. Patients with
higher cognitive reserve (moderate ES) benefitted more from
APT treatment. Among the variables measuring initial cognitive
functioning, only the most complex subtest measuring verbal
cognitive flexibility (CWIT 4) contributed to a positive outcome,
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TABLE 3 | Neuropsychological characteristics of participants at baseline assessment according to the type of treatment and treatment outcome
(CHANGE/NO CHANGE).

Variable APT ABAT

Total sample CHANGE NO CHANGE CHANGE NO CHANGE

(n = 59) (n = 27) (n = 5) (n = 15) (n = 12)

APT testa, % of correct responses

Weighted APT test score 40 (15) 36 (13) 49 (10) 45 (17) 41 (17)

Focused attention 94 (13) 93 (18) 97 (4) 93 (8) 96 (6)

Sustained attention 45 (20) 39 (18) 57 (20) 55 (24) 39 (16)

Selective attention 45 (22) 39 (22) 50 (13) 50 (17) 50 (27)

Divided attention 89 (13) 89 (13) 93 (12) 89 (11) 89 (19)

Alternating attention 36 (24) 32 (22) 46 (14) 38 (26) 39 (29)

Working Memory Index Scale (WAIS-III)b, number of correct answers

Digit Span (forward) 9 (2) 9 (2) 9 (3) 8 (2) 9 (2)

Spatial Span 8 (2) 8 (2) 8 (2) 8 (2) 7 (2)

Letter-Number Sequencing 9 (3) 10 (3) 10 (2) 9 (2) 9 (3)

Trail Making Test (TMT)d , seconds

Number sequencing (TMT 2) 42 (25) 43 (24) 40 (30) 39 (13) 47 (36)

Letter sequencing (TMT 3) 46 (31) 44 (29) 76 (76) 38 (15) 49 (15)

Number-letter switching (TMT 4) 104 (56) 97 (49) 146 (126) 87 (25) 126 (51)

Motor speed (TMT 5) 30 (20) 24 (8) 34 (14) 32 (26) 41 (32)

Color-Word Interference Test (CWIT)c, seconds

Colour naming (CWIT 1) 36 (10) 35 (8) 34 (11) 37 (7) 40 (17)

Word reading (CWIT 2) 27 (6) 26 (6) 25 (5) 26 (6) 29 (8)

Inhibition (CWIT 3) 64 (25) 58 (13) 56 (12) 69 (29) 77 (37)

Inhibition/switching (CWIT 4) 78 (29) 70 (16) 92 (43) 79 (25) 91 (42)

Ruff 2&7 Selective Attention Test, T score

Automatic Detection Speed 44 (10) 46 (12) 42 (15) 45 (8) 42 (8)

Controlled Search Speed 41 (10) 42 (12) 40 (12) 43 (9) 39 (8)

Total Speed 44 (10) 46 (12) 43 (14) 45 (8) 41 (8)

Automatic Detection Accuracy 45 (12) 44 (12) 47 (15) 48 (9) 43 (13)

Controlled Search Accuracy 41 (12) 41 (12) 45 (15) 42 (13) 39 (12)

Total Accuracy 43 (11) 42 (11) 47 (15) 45 (10) 41 (12)

Rey Auditory Verbal Learning Testd , T score

Immediate recall 43 (13) 43 (12) 43 (20) 40 (13) 44 (14)

Delayed recall 41 (16) 41 (15) 49 (21) 40 (15) 40 (19)

The results are presented with mean values and standard deviations based on raw scores. aThe attention process training test (APT) measures attention dysfunction
regarding focused, sustained, selective, divided, and alternating attention. The weighted APT test score comprises individual mean values for subtests with results of
<70% correct responses.
bThe wechsler adult intelligence scale-IV (WAIS-IV).
cThe trail making test and the colour-word interference test are parts of the Delis-Kaplan executive function system (D-KEFS).
d Immediate recall comprises the total number of correct responses after five trials in T scores. The delayed recall includes the number of recalled words after a 30-min
time-lapse in T scores.

i.e., CHANGE (moderate ES). Better executive functions, such
as inhibition, switching, and mental flexibility reflected by
CWIT 4, might promote treatment effect. Earlier studies
have identified executive functions and cognitive reserve as
predictors of improved intervention outcomes (Hanks et al.,
2008; Umarova et al., 2019).

The inconclusive results regarding APT after TBI are
discouraging. Still, they are in line with the metanalysis of
attention training after ABI (Rohling et al., 2009) with mean
ES 0.06 for TBI studies and ES 0.48 for stroke. The importance
of injury localization (for motor and language functions) and
functional connectivity, particularly in white matter (for memory

and attention), has been demonstrated in stroke (Corbetta
et al., 2015). Due to the biomechanical forces affecting the
brain during TBI, patients exhibit multifocal injuries and diffuse
axonal injury by shearing, leading to multiple disturbances in
functional connectivity (Johnson et al., 2013). Consequently,
connectivity disruptions might hamper mechanisms promoting
training effects for APT. The specific recommendations of
the INCOG group for TBI support training in metacognitive
strategies applied directly to everyday attentional difficulties
(Ponsford et al., 2014).

A third of the participants belonged to NO CHANGE despite
expected spontaneous recovery and rehabilitation effects in this
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FIGURE 4 | The upper chart of the figure (A) presents the distribution of patients in the CHANGE vs. NO CHANGE groups when patients were divided into high vs.
low cognitive reserve (CR) for each treatment (APT, Attention Process Training; ABAT, Activity-Based Attention Training). The lower part (B) presents the logistic
regression analysis results for cognitive reserve measures with a 95% confidence interval.

early stage after ABI (Hochstenbach et al., 2003; Barker-Collo
et al., 2010). None of our variables was related to this finding.
Other studies have found similar proportions of poor recovery
for neglect and aphasia post-stroke (Marchi et al., 2017) and
motor functions (Prabhakaran et al., 2008; Winters et al., 2015).
Identifying factors behind poor recovery is critical and underlie
the choice of adequate treatment.

Thus, the special effect of APT training on stroke patients
with unilateral right-hemispheric lesions and the moderate effect
of mental flexibility and cognitive reserve might suggest two
different pathways leading to improvement for attention training:
one directly affecting attentional functioning in crucial brain
structures and another, more compensatory, utilizing preserved
higher cognitive functions.

These results should be interpreted with caution. As in our
study, small sample sizes increase the possibility for type II error.
Subject heterogeneity is an issue in brain injury research, and we
followed the recommendations for selection criteria for treatment
studies (Cicerone, 2012).

Due to our strict selection criteria, our group was
relatively homogeneous regarding cognitive functioning,
i.e., mild to moderate attention impairment with no
other significant cognitive disturbances. Also, the lack
of influence of some demographic factors, as found in
earlier studies (Leary et al., 2018) may reflect the relative
homogeneity of our participant group. But to obtain the
present group, we needed to screen 626 potential participants
(Markovic et al., 2017a).

The rationale for using ANOVA was based on our clinical
interests to improve the accuracy of treatment planning for
optimal treatment outcomes. Therefore, we should view the
results from the present study as tentative. Furthermore, as the
study was exploratory, future studies with larger samples are
needed to validate the findings.

The SPC method is relatively new in rehabilitation. The
procedure in our RCT study was modified (Markovic, 2017) by
reducing the number of measurement points and developing an
alternative approach to estimate baseline. These modifications
provided both individual and group charts allowing to monitor
the treatment process in real-time. Thus, the use of SPC
allowed us to combine the qualitative advantages of single-
case experimental design (SCED) (Krasny-Pacini and Evans,
2018) with the rigor of an RCT design, offering a deeper
understanding of the process of rehabilitation. In addition, the
combination of the larger number of participants than in SCED
and more observations than in RCT allowed us to discern
improvers (CHANGE) from non-improvers (NO-CHANGE) on
an individual level and to identify predisposing factors for
treatment outcome. Another advantage of SPC is that it may be
used for individual patients as part of an individual rehabilitation
plan for monitoring and continuous evaluation akin to SCED.
Still, it offers statistical rules for interpreting the charts (Tennant
et al., 2007). The debate of SPC use revolves around several areas
(Woodall, 2000).

One of the critical key issues is the idea of control charts as
repeated hypothesis testing. Whereas some scholars argue that
it resembles a continuous statistical hypothesis testing system,
others criticize this view and put forth that natural processes
are dynamic and do not represent stable systems. Consequently,
in practice, the use of control charts should not be based on
a well-defined finite population. Another issue is the role of
various rules for the detection of alarms/signals. Commonly, 3
SD from the mean value is used as a default rule. Any point
outside this limit is considered an alarm. Also, as applied in
the present paper, other rules may be used. An advantage of
applying different rules than 3 SD from the mean value is that
more types of significant behavior can be detected. However,
statistically, this also has the consequence of increasing type II
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error, thus the risk of falsely assuming that a real change in patient
performance has happened.

The choice of the control treatment is central (Sigmundsdottir
et al., 2016). We have selected ABAT as an active control
group, despite being based on a different model. APT is a direct
structured neuropsychological intervention on the level of body
function (Stucki et al., 2019) improving performance on training
tasks and immediate measures of global attention (Cicerone
et al., 2019). The ABAT training, in contrast, is an occupational
therapy intervention comparable to the Cognitive Orientation
to Occupational Performance (CO-OP) (Polatajko et al., 2012;
McEwen et al., 2015) aiming at functional skills training on
activity level, as defined by the International Classification
of Functioning and Health (ICF) domains of body functions
with activity and participation (Sigmundsdottir et al., 2016),
and the incorporation of metacognitive strategies to improve
performance on trained tasks.

These theoretical differences are also apparent in our
measurement methods.

We lack instruments for the level of activity and participation
to measure suitably the effects of the ABAT. The relationship
between neuropsychological test results and activity in real-
world functioning has been previously discussed (Chaytor
and Schmitter-Edgecombe, 2003). Methodological issues are
probably also reflected in the lack of relationship between
treatment effects and other neuropsychological tests of attention,
working memory and episodic memory. However, the lack of
results might reflect that these tests are different aspects of
attention than those trained by the APT method.

Therefore, given the homogeneity of our study sample,
particularly the limited sample size of TBI patients and
methodological issues, the results should be interpreted with
caution. Using the SPC method, multicentre studies within
rehabilitation medicine are needed to obtain larger groups,
allowing for detailed subgroup analysis.

CONCLUSION AND CLINICAL
IMPLICATIONS

The application of the SPC method allowed us to delineate a more
detailed process of attention training. Our explorative results
strengthen the importance of considering the physiological
nature of the brain insult and premorbid cognitive functioning
when considering the appropriate choice of intervention for
restitution of attention after ABI. The results of the present
study have several clinical implications. It is crucial to
provide systematic training of attention to patients with right-
hemispheric stroke in an early phase of recovery. On the other

hand, training for TBI patients should focus on compensatory
cognitive strategies and metacognitive training. Understanding
prognostic factors are crucial to maximizing resource allocation
and the effectiveness of rehabilitative interventions to enhance
outcomes following stroke and TBI.
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