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Abstract

Background: Patients with acquired brain injury often experience impaired working memory
(WM), a condition that can make everyday life activities and work difficult. Objectives: This study
investigates the effects of computerized WM training on WM sKills, cognitive tests, activity per-
formance and estimated health and whether the effects of computerized WM training can be at-
tributed to sex or time since injury. Methods: Forty-eight patients with acquired brain injury un-
derwent computerized WM training. Patients were tested by a neuropsychologist and interviewed
by an occupational therapist just prior and 20 weeks after completion of training. Results: Patients
who participated in computerized WM training significantly improved their WM skills shown in
WM index, their neuropsychological test scores, and their self-estimated health scores. They also
significantly improved their performance of individually defined WM-related everyday activities
and their satisfaction with the performance of these activities. There was a significant difference
in terms of WM index, WM-related daily activity performance, and satisfaction with respect to time
since injury. Conclusion: Computerized WM training can improve cognitive and everyday per-
formance for patients with acquired brain injury. Patients can improve their cognitive functions a
long time after suffering a brain injury or disease. This effect is greater if WM training is used early
in the rehabilitation.
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1. Introduction

The consequences of a brain injury can vary greatly, from almost full recovery to severe motor and cognitive
impairments. How patients experience their residual state is affected by the consequences of brain damage in
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terms of impaired physical and cognitive function [1]. Typically, patients with acquired brain injury are initially
focused on their physical impairments as cognitive impairments experienced after brain injury are often more
subtle and harder to understand than physical impairments [2]. Furthermore, cognitive impairments can cause fru-
stration for the patient and unreasonable expectations from others [3]. This frustration and unreasonable expecta-
tions are often the result of impaired working memory (WM), a typical consequence of acquired brain injury [4].

WM is the ability to maintain limited information in memory for a short time while using the information [5].
WM s required for many cognitive abilities and is closely linked to attention, especially the ability to control
attention and to resist distractions [6]-[9]. WM is also important for well-functioning reasoning, planning and
implementing a behaviour and proper verbal flow [10]-[12].

Patients with impaired WM often have problems concentrating (thus they need to do one thing at a time),
learning, and following conversations (especially if the interaction includes several people) [13]. Clearly, WM is
important for targeted meaningful cognitive functioning [14]. Moreover, reduced WM affects the possibility to re-
cover from a stroke and return to work, conditions that are very important for a patient’s quality of life [4] [6] [15].

Several studies investigating the influence of WM training on brain structures [11] [16]-[18] have shown that
WM training can lead to changes in the frontal and parietal areas of the brain, such as increasing the number of
dopamine receptors available in the prefrontal and parietal areas of the brain, areas that are responsible for WM
[11] [16] [17] [19].

Cognitive function and the ability to improve WM are influenced by complex and changeable factors as well
as training, although genetics also affects brain plasticity [20]. Takeuchi et al. found that WM training produces
structural changes in white matter in the frontal cortex and inferior parts of the parietal cortex, changes that in-
crease the ability to efficiently send signals between nerve cells in these areas [21]. The plasticity of the brain
allows for the possibility to train even an injured brain [22]; several studies have shown that WM training can
improve WM after acquired brain injury [23]-[30]. For example, Lundqvist et al. showed that WM training leads
to improvements in neuropsychological tests as well as in the ability to cope with everyday life in 21 patients
with acquired brain injury [23]. Several studies clearly show that WM associated with acquired brain injury can
be improved using several types of interventions [23]-[30]; however, because these studies have a relatively li-
mited number of participants (ranging from one participant to 24), more studies are needed to evaluate the effec-
tiveness of the various training methods. The present study is indented to add knowledge in this field including
the aspects of gender and time since injury.

Aims

This study investigates the effects of computerized WM training on WM skills, cognitive tests, activity perfor-
mance and estimated health. In addition, this study investigates whether the effects of computerized WM train-
ing can be attributed to gender or time since injury.

2. Methods
2.1. Subjects

The subjects for this study were patients with non-progressive acquired brain injury who participated in a com-
puterized WM training program (Cogmed QM) [31] at a Rehabilitation Medicine department in Sweden be-
tween 2009 and 2012. Forty-eight patients met the clinical criteria for inclusion in WM training and chosed to
participate. The participants did not have any co-morbidity that could have any significant effect on working
memory.

The inclusion criteria were age 20 - 65 years, subjective WM impairment, significantly impaired WAIS WM
index compared with index of verbal comprehension measured and/or index of perceptual organization or a
WAIS WM index < 80 as measured by the WAIS-I11, and motivated for training. The exclusion criteria were 1Q
< 70 as measured with WAIS-I1I/WAIS-1V, depression according to DSM-1V, and perceptual or motor difficul-
ties that make the computerized WM training impossible.

2.2. Methods

2.2.1. Neuropsychological Testing
A neuropsychologist performed all neuropsychological tests, which were conducted before and 20 weeks after
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WM training. The neuropsychological tests were administered in the same order each time. The included tests
were well-known neuropsychological tests focusing on verbal and visual working memory:

« Paced Auditory Serial Attention Test (PASAT 2.4). This test measures WM, information processing
speed and the ability to sustain and divide attention. The task requires the patient to recite a long series of digits
read aloud after a short interval; then, patient adds the digit they just heard with the preceding digits [32] [33].

 Forward and backward block repetition. The test contains ten blocks that are irregularly placed on a plate.
The test leader points to the blocks in a certain order and the patient’s task is to point to the blocks in the same
order (forward block repeat) and reverse (backward block repeat). The number of blocks that the test leader
points to varies between two and eight blocks [33] [34].

« Listening Span Task. The test consists of sentences with three words presented in groups of three to six
sentences. The task is to answer “yes” or “no” depending on whether the sentence is meaningful or nonsense.
Then, the participants are asked to reproduce either the first or the last word, not knowing which in advance [35]
[36].

2.2.2. Working Memory-Related Activities, Quality of Life, and Health

An occupational therapist asked all patients to complete the EQ-5D questionnaire and performed all the inter-
views based on the Canadian Occupational Performance Measure (COPM), on WM-related activity performance
and satisfaction. The questionnaire and the interviews were performed before and 20 weeks after WM training.

» Canadian Occupational Performance Measure (COPM) was used to gather information about the pa-
tients” perception of performance and satisfaction with performance in those activities that were of importance
to the patient but difficult to perform due to WM impairment as the result of brain injury. During the interviews,
the therapist also asked the patients about their satisfaction with their occupational performance. When the most
important activities were identified, the patient scored his/her performance and satisfaction with that perfor-
mance for each identified activity. The scoring was done on two scales from 1 - 10 (1 = cannot do it/not satisfied
at all and 10 = can make it extremely well/extremely satisfied). An improvement between the two scorings
(baseline and follow-up) of at least two scale units is considered a clinically important difference-CID [37].

» EQ-5D is a self-assessment questionnaire of a person’s perceived state of health. The questionnaire is not
cognitively demanding and takes little time to complete. It consists of two parts. In the first part, the patient es-
timates the degree of severity of his/her problems in five areas: mobility, self-care, usual activities, pain/dis-
comfort and anxiety/depression. The combinations of responses are then aggregated into a measure of health-
related quality of life index (EQ-5D Index). In the second part, the patients estimate their perceived health on a
VAS scale (EQ-VAS) ranging from 0 to 100 (0 = worst imaginable health state, 100 = best imaginable health
state [38]-[41]. The patients completed the questionnaire before and 20 weeks after completion of WM training.

2.2.3. WM Training

The computerized WM training program Cogmed (QM) was used [31]. The training program consists of various
visuo-spatial and verbal working memory tasks. The difficulty of each task is automatically adapted to each pa-
tient’s WM capacity. After completing the 25 training sessions, each individual was assigned a WM index (the
difference between the two best results (max index) and results from day two and three (start index), which
represents the change in WM.

The subjects performed their WM training program on a computer (PC), and each session was 45 - 60 minutes
of intense exercise including one break. The exercise intensity varied between four and five days/week for five
to seven weeks. All subjects trained in pairs or in groups of three in a quiet, private room at the Department of
Rehabilitation Medicine. One of three certified coaches (OTs) was present in the room during every training
session. Once a week, the coaches provided specific feedback. The patients also received continuous feedback
from the computer program. Both individual performances and group performances were analyzed and pre-
sented at a 20-week follow-up session. Each individual was then encouraged to provide feedback about their
experiences and asked whether they had noticed any long-term effects from the training. No other therapies were
applied during the examination period.

2.3. Statistics

Data were analyzed using the IBM SPSS Statistics 21. Outcome was presented as mean * 1 standard deviation
or median and range. The accepted level of significance was p < 0.05. Difference between groups and results
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before versus after training were analyzed using the Mann-Whitney U-test, the Chi-square test (sex), and Wil-
coxon sign rank test. For correlation analyses, Spearman’s rank correlation test was used.

2.4. Ethical Considerations

Before the present intervention was introduced as a standard training program in the clinic, a randomized con-
trolled study (approved by the local research ethics committee, Dnr 187-06) with a cross-over design was con-
ducted [23]. The present study was based on the same standard procedures as in the controlled study which was
implemented into clinical practice using the same criteria and outcome instruments. All information has been
collected from medical records and test forms summarized by the rehabilitation team. Included subjects were not
subjected to any special measures beyond those included in clinical routines. The authors of this study only had
access to anonymized data.

3. Results
3.1. Background Data

This study included 48 consecutive subjects (30 men and 18 women) with a mean age of 43.7 years (median 44
years) and mean time since injury of 51.2 month (median 29 month). All the patients who started the training
also completed the WM training, but some data from the after training (20 weeks post training) were missing for
three patients because they for different reasons did not perform the final testing. The cause of brain injury in-
cluded intra cerebral infarction (23%), traumatic brain injury (21%), infection (19%), intra cerebral hemorrhage
(13%), subarachnoid hemorrhage (10%), brain tumor (8%) and other (6 %).

3.2. Results for the Whole Group

The results for the various neuropsychological tests before and 20 weeks after completion of training revealed
that the group had made significant improvements on all tests (p < 0.001) (Table 1). The difference in WM in-
dex was significantly positive (p < 0.001). The start index and max index confirmed that all patients had im-
proved their WM index during the training period.

The improvement in perceived activity performance and satisfaction with performance as measured with the
COPM before and 20 weeks after training were significant (p < 0.001) (Table 1). The patients indicated that
they managed important WM-related activities better 20 weeks after training; they were also more satisfied with
their performance of the identified activities. Mean estimations before and after training were compared at an
individual level: 49% of the patients had an improvement of at least two scale-stages on activity performance
and 51% had the same improvement on satisfaction with performance [37].

There was a positive correlation between the difference in WM index and the difference in patients’ estimated
activity performance from before versus 20 weeks after the WM training (rs = 0.536, p < 0.001) (Figure 1). The

Table 1. Mean values (SD) before start of working memory training compared to results 20 weeks after training.

Before M (SD) 20 weeks after M (SD) p-value
PASAT 38.9 (11.1) 44.0 (11.0) <0.001
Listening span 24.3 (6.1) 27.3 (5.3) <0.001
Forward block repetition 7.5(1.9) 8.9 (1.7) <0.001
Backward block repetition 7.0 (1.7) 8.4 (1.7) <0.001
COPM performance 3.8(1.2) 5.5 (1.7) <0.001
COPM satisfaction 3.2(1.8) 5.4 (1.8) <0.001
EQ-5D index 0.62 (0.30) 0.69 (0.25) 0.009
EQ-VAS 56.6 (21.0) 63.8 (17.7) <0.001

Paced Auditory Serial Attention Test (PASAT), Canadian Occupational Performance Measure (COPM), European Quality of Life Instrument-Five
dimensions (EQ-5D), European Quality of Life Instrument-100 Points Health Scale (EQ-VAS).
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Figure 1. Correlation between the difference in WM index and the difference
in activity performance (COPM), before versus 20 weeks after WM training.
(rs = 0.536, p < 0.001).

correlation between the difference in WM index and the difference in the patients’ estimated satisfaction with
activity performance before versus 20 weeks after WM training, however, was not significant (r; = 0.226, p =
0.127) (Figure 2).

Health-related quality of life as measured by EQ-5D Index showed a significant positive change (p = 0.009)
from before training versus 20 weeks after training. In addition, a positive change in perceived health (as meas-
ured by EQ-VAS) from before versus 20 weeks after training was found (p < 0.001) (Table 1).

3.3. Sex Differences

No significant sex differences were found in terms of age, time since injury, or education. No differences be-
tween men and women were found in results related to neuropsychological test performance as measured before
versus 20 weeks after completion of training (Table 2). There was no difference between men and women re-
lated to the change in WM index (starting index compared with max index) (p = 0.586). There was no difference
between men and women related to the change in perceived activity performance or satisfaction with perfor-
mance as measured using the COPM, before versus 20 weeks after completion of training (Table 2). For esti-
mated occupational performance as well as satisfaction with performance, 47% of the women had an improve-
ment of at least two scale units. The corresponding results for men were 50% and 53%, respectively. There was
no difference between men and women in change of HRQoL as measured by EQ-5D Index before versus 20
weeks after training (Table 2). Similarly, there was no difference between men and women in the change of
perceived health as measured by the EQ-VAS before versus 20 weeks after training (Table 2).

3.4. Differences Related to Time since Injury

The subjects were divided into two groups according to the time elapsed since injury. One group (n = 13) con-
sisted of individuals whose time since injury had been > 18 months; for the second group (n = 34), <18 months
had passed since injury onset. No significant differences were found between these groups concerning age,
gender, or education.

When comparing the two groups concerning difference in neuropsychological test results, as measured before
versus 20 weeks after training, there were no significant differences between these groups (Table 3). The dif-
ference in WM index was significant positive in both groups respectively (p < 0.001 for both groups). However,
the difference of the change in WM index (starting index compared with max index) between the two groups
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Figure 2. Correlation between the difference in WM index and the dif-

ference in activity satisfaction (COPM), before versus 20 weeks after
WM training. (rs = 0.226, p = 0.127).

Table 2. Mean values (SD) change of results before start of working memory training compared to results 20 weeks after
training. Women and men compared.

Women-change Men-change

(before and after training). M (SD) (before and after training). M (SD) e
PASAT 4.6 (6.1) 4.3 (7.5) 0.903
Listening span 2.5(3.0) 2.7 (4.4) 0.886
Forward block repetition 1.1(1.8) 1.6 (1.6) 0.352
Backward block repetition 2.2 (2.3) 0.9 (1.8) 0.059
COPM performance 1.8 (2.0) 1.6 (1.3) 0.765
COPM satisfaction 2.1(1.6) 2.2 (1.6) 0.782
EQ-5D index 0.10 (0.21) 0.08 (0.22) 0.805
EQ-VAS 10.1 (14.5) 7.1 (13.9) 0.635

Paced Auditory Serial Attention Test (PASAT), Canadian Occupational Performance Measure (COPM), European Quality of Life Instrument-Five
dimensions (EQ-5D), European Quality of Life Instrument-100 Points Health Scale (EQ-VAS).

Table 3. Mean values (SD) change of results before start of working memory training compared to results 20 weeks after
training. One group with 18 months or less since the time of injury (n = 13), the second group with more than 18 months
since the time of injury (n = 34).

<18 months-change before and ~ >18 months-change before and

after training M(SD) after training M (SD) il
PASAT 28(5.1) 5.2 (7.5) 0.193
Listening span 2.0 (3.6) 29 (4.1) 0.347
Forward block repetition 1.0(1.8) 1.5(1.7) 0.537
Backward block repetition 0.7 (2.4) 1.56 (1.9) 0.108
COPM performance 25(1.3) 1.4 (1.5) <0.05
COPM satisfaction 31(1.9) 1.8 (1.3) <0.05
EQ-5D index 0.09 (0.11) 0.10 (0.23) 0.298
EQ-VAS 5.7 (10.9) 9.1 (15.3) 0.572

Paced Auditory Serial Attention Test (PASAT), Canadian Occupational Performance Measure (COPM), European Quality of Life Instrument-Five
dimensions (EQ-5D), European Quality of Life Instrument-100 Points Health Scale (EQ-VAS).

O,
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was significant (p < 0.05). The group with <18 months since injury exhibited more improvement in WM index
than the group with >18 months since injury.

The improvement in perceived activity performance and satisfaction with performance as measured with the
COPM hefore and 20 weeks after training were significant for both groups respectively (p < 0.002). The differ-
ence of change in subject’s estimation of occupational performance and satisfaction with performance, before
versus 20 weeks after completion of training, was significant for both groups (p < 0.05) (Table 3). The group
with <18 months had a greater positive change in both self-estimated occupational performance and satisfaction
with performance, than the group >18 month. In the group < 18 months after injury, 77% exhibited an im-
provement of at least two scale units (the level considered as a clinical important difference) in terms of occupa-
tional performance and 69% exhibited the same level of improvement in satisfaction with performance. In the
group > 18 months, the corresponding results of improvement were 39% for occupational performance and 45%
for satisfaction with performance. There was no difference in change of health-related quality of life and esti-
mated health (measured by EQ-5D Index and EQ-VAS before and 20 weeks after WM training) between the
two groups (Table 3)

4. Discussion

Main findings: All patients’ WM index improved after WM training. Cognitive functions, as measured by WM
related neuropsychological tests, improved as well as performance of important WM-related everyday activities
and satisfaction with these performances. The subjects estimated a higher quality of life after WM training
compared to before training, and perceived health was improved (Table 1). There were no gender differences in
outcome, but there were significant differences depending on time since injury (Table 3). The individuals with <
18 months since injury improved more, with respect to WM index, everyday occupational performance, and sa-
tisfaction with that performance, than those with >18 months since injury (Table 3).

Apparently, computerized WM training had a good effect in subjects with acquired brain injury both on the
tasks directly trained in the program (WM index), other WM-related tasks that emerged in neuropsychological
tests and above all on the patients’ everyday working memory related and prioritized activities. Although some
of these positive effects have been reported in other studies [23] [25] [29] [30], the results in this study addition-
ally shows that the effects from the WM-training makes an impact in the individuals everyday life as shown by
improved occupational performance and satisfaction with that performance. Results from a previous study also
showed an improvement in perceived health as measured by VAS after working memory training [23], a finding
also confirmed by this study. This study also found an improvement in health related quality of life, as measured
by EQ-5D Index.

Other studies have shown that women with traumatic brain injury managed to do WMe-intensive tasks better
than men with the same injury [42]. Furthermore, studies have provided detailed descriptions on how male ver-
sus female brains deal differently with cognitive processes [43]. In this study, we found no differences in effects
with respect to sex (Table 2). However, we had a mixed group with respect of cause of injury. As a result, sex
or cause of injury, might not be a factor to take into account when deciding whether a patient should be offered
WM training.

In contrast to a study by Johansson et al. [25], the present study revealed differences in WM index depending
on how much time had passed since injury. These differences may be because the mean time post injury differed
by several years: in our study the patients who improved the most belonged to the group < 18 months since in-
jury and in Johansson et al.’s study the majority of the patients’ time since injury was >18 months. Since 39% of
the individuals who belonged to the group > 18 months since injury estimated a clinically significant improve-
ment in perceived occupational performance, compared to 77% of the individuals who belonged to the group <
18 months since injury—this means that even though WM training has an impact on everyday life a long time
after the injury, this impact seems to be greater if the WM training is completed earlier after injury. Early reha-
bilitation is known to be important for the functional outcome in stroke patients [44], and the same relationship
seems evident in the outcome of WM training after acquired brain injury, irrespective of cause. However, WM
training seems to be beneficial also long after a brain injury has occurred.

Methodological considerations: A limitation of this study is that there was no control group. However, pre-
vious research with the same design and method has shown that spontaneous recovery during the study period
seems to be negligible and that the test-retest effect cannot explain the improvement between test sessions [23].

®
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Further, the authors could not find a definition in the literature of what is considered “long time since injury”
when defining the two groups to compare related to time since injury. The groups in this study were selected
mainly from clinical experience of the rehabilitation process of this category of patients.

A strength of our study is its large sample size: previous studies relied on fewer participants [23]-[30].
Another strength is that we evaluated the effects of WM training using several methods—e.g., reflecting both
trained (WM index) and untrained (neuropsychological tests) WM tasks. The evaluation also included an inves-
tigation of the outcome in patients’ everyday life, in terms of individually identified occupations of importance
(COPM). The fact that data collection was done before and 20 weeks after training, rather than directly after
training, can also be seen as strength. That is, the 20-week evaluation might produce more realistic accounts of
daily activities than merely relying on patient evaluations conducted immediately after WM training, since the
intensity of the WM training period, and the fact that it offered structure and attention could have affected the
results from the data collection if data had been collected immediately after the training period.

5. Clinical Implications

Computerized WM training is effective for patients with acquired brain injury. Despite the change in training
intensity compared to other studies [23] [25] [29] [30], our study produces good results. The change in training
intensity makes the demanding training less so and therefore more patients might be able to cope with the train-
ing. This study shows that some patients whose injuries occur more than 18 months before WM training im-
prove more; however, this improvement may have been even greater if the training has occurred even earlier. As
it may be valuable for patients to receive this training soon after their injury, rehabilitation teams should make
an early assessment of need. At the same time, it is important to keep in mind that training can have an effect
even a long time after injury, so WM training can be beneficial for a lot of patients with working memory dys-
function after a brain injury despite time since injury. However, the expectations associated with later stage
training should be somewhat lower.

6. Further Studies

The influence time should be further investigated after injury has on the effects from WM training. Is there a
cut-off limit of time after injury when a possible improvement after WM training is no longer clinically relevant?
It would also be interesting to further investigate whether or not age influences the possibilities of improvement
from computerized WM training, as several cognitive functions, including working memory, develop and settle
at different ages in normal development [45].
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