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General discussion 

Many patients must deal with the late effects of cancer and its treatment, including 
affected cognitive functioning. A promising intervention to target these cognitive 
problems is physical exercise. In the Physical Activity and Memory (PAM) study, the 
effect of a 6-month physical exercise intervention on cognitive functioning and 
the brain was investigated in chemotherapy-treated patients with breast cancer. 
In the previous chapters of this thesis, we described the design and results of the 
PAM study. In this chapter, the main findings of this randomized controlled trial are 
interpreted. Attention will also be paid to the results of a subgroup analysis in highly 
fatigued patients. Lastly, methodological considerations, future directions, and the 
impact of this thesis on the research field and society are discussed.

Interpretation of main findings
In the PAM study, we observed no beneficial exercise intervention effects on tested 
cognitive functioning and the brain in breast cancer patients (Table 1). Several 
explanations exist for these findings. Of course, the first possible explanation is that 
there is no or little effect of exercise on the brain and exercise does therefore not 
affect tested cognitive functioning. However, the results of previous studies do not 
support this explanation. Although research in breast cancer patients is limited 1, 
convincing evidence of exercise effects on brain structure and function has been 
reported in older adults 2. Volume changes in the hippocampus following exercise 
have been extensively studied. Increases in hippocampal volume after exercise, have 
been found in healthy elderly and clinical populations (e.g., 3,4; for systematic review 
articles and meta-analyses see: 5–7). Furthermore, studies have found (beneficial) 
exercise effects on white matter integrity in patients with schizophrenia and 
patients at risk for dementia 8,9 and a relation has been described between physical 
fitness gains and improvements in white matter integrity, in healthy elderly and 
patients with amnestic mild cognitive impairment 10,11. Also, exercise effects on brain 
perfusion have been reported in healthy elderly 12–14  and patients with amnestic 
mild cognitive impairment 15. Additionally, results of a study in a small sample 
of female cancer survivors indicated an exercise effect on cerebral blood flow 16. 
Some of the previously mentioned studies examining exercise effects on the brain 
additionally found a relation between changes in the brain and changes in cognitive  
functioning 3,4,9,13–15. Moreover, some (small) studies reported (indications of ) an 
exercise effect on cognitive functioning, including cancer patients 16–18, which have 
also been reported in other populations, such as healthy elderly 19 and patients with 
mild cognitive impairment 20,21.
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Since several studies in healthy elderly and in patient populations, such as patients 
with mild cognitive impairment, have shown exercise intervention effects on the 
brain and cognitive functioning, we would like to point out a second explanation 
for our results: exercise has a potentially slower effect on brain structure than we 
can measure in six months, suggesting that follow-up time was too short in our 
study. The effects of lifestyle change, by remaining active over a longer period, might 
be more important. On the other hand, several studies examining interventions 
(including follow-up measurements) of six months or less in other populations, have 
found effects on the brain and tested cognitive functioning (e.g., 4,8,12–14). Therefore, 
we do not expect that this statement fully explains our results. 

A possible third explanation is that in breast cancer patients the (long-lasting) 
damage to the brain following treatment with chemotherapy is more limited than 
in elderly and other clinical populations and therefore improvements cannot be 
detected. Brain atrophy, which is more present in older patients than in younger 
patients, was also suggested as an explanation for finding stronger restorative effects 
of exercise in older than in younger adults 7,22. In breast cancer patients, both cross-
sectional and longitudinal analyses showed differences in (hippocampal) volume, 
white matter integrity 23, and brain perfusion 24,25 shortly after chemotherapy 
treatment. However, long-lasting effects of (normal dose) chemotherapy on the 
brain have not always been reported (e.g., 26), indicating some restoration of brain 
structure has already occurred over time. Nevertheless, brain function/perfusion 
might still be affected and restoration through physical exercise after several years 
might be possible. This could explain the relation between physical fitness gains and 
improved brain perfusion, which we reported in the PAM study.

Finally, not all patients benefit in the same way from all sorts of interventions, which 
may impede finding an intervention effect at group level. Some patients might be 
more susceptible to physical exercise than other patients. Finding out who these 
patients are and why there is a more beneficial effect of the exercise intervention 
in these patients, is an important topic for (future) research and will be further 
discussed in the next section.

Interpretation of findings in highly fatigued patients
We found exercise effects on cognition and brain measures in cognitively affected 
breast cancer patients with clinically relevant levels of fatigue (Table 1). Highly 
fatigued patients were on average younger, fitter, and reported prior to the 
intervention more mood disturbances, more anxiety, lower quality of life, and more 
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cognitive complaints compared to patients without high levels of fatigue (data not 
shown). The observed effects in the highly fatigued patients are not explained by a 
larger increase in fitness level, patient-reported cognitive functioning, or less fatigue. 
This indicates that a larger exercise effect is not an explanation of our findings in 
these patients. 

The underlying mechanisms, by which cognition is affected after cancer and its 
treatment, are considered multifactorial and may vary between patient groups. 
Possible underlying mechanisms include direct neurotoxicity, vascular damage, and 
inflammation. Physical exercise might have a more pronounced beneficial effect on one 
or more of these causes of cognitive problems, and less on others. By selecting patients 
with high fatigue levels, we might have selected a group of patients with a common 
underlying mechanism that affected their cognition. Exercise might have a more 
pronounced effect on this underlying mechanism and fatigue might be a side effect 
of this mechanism. While this is highly speculative, we hypothesize that compared to 
patients treated for breast cancer without high levels of fatigue, inflammation might 
be more pronounced for a longer period in highly fatigued patients. 

Exercise has potentially an anti-inflammatory effect by reducing the concentration 
of proinflammatory cytokines and elevating levels of anti-inflammatory  
cytokines 1,27–30. Inflammation has been associated with both cancer-related cognitive 
impairment 31 and cancer-related fatigue 32. In breast cancer patients, compared to 
no cancer controls, higher levels of inflammatory markers have been reported 20 
years after cancer (treatment) 33. This indicates that inflammation is still present 
even years after treatment and may potentially result in increased brain volume and 
higher fractional anisotropy, a measure of white matter integrity. Since increased 
brain volume and higher fractional anisotropy are often considered beneficial for 
the brain and cognitive functioning, the direction of the results in the PAM study 
was unexpected (increase instead of decrease) and may seem counterintuitive. 
However, such seemingly counterintuitive findings in the brain have also been found 
in animal literature. For example, Winocur et al. reported brain volume increase in 
mice that received chemotherapy, while also cognitive impairment was reported 34. 
They argued that this might be due to drug-induced swelling, neuro-inflammation, 
or blocked pathways of cerebrospinal fluid. Also in rats, cellular swelling, a potential 
consequence of inflammation, has been associated with an increase in fractional 
anisotropy 35. Hence, decreasing hippocampal volume and lower fractional anisotropy 
post-intervention in the PAM study might be consequential to more inflammation 
pre-intervention in the highly fatigued subgroup. 
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Table 1. Key findings of exercise effects reported in the PAM study, for the total group and for the highly 
fatigued patients.

Research area Domain Measure Total 
group 
(n=164)

Highly 
fatigued 
(n=68)

Tested 
cognition

Learning and memory HVLT-R total recall (primary 
outcome) - -

ACS Wordlist Learning -  
ACS Wordlist Recognition  

Processing speed ACS Reaction Time -
Attention and working 
memory

ACS Box Tapping
-

Other Other cognitive measures - -

Physical 
fitness

VO2peak   

Patient 
reported 
outcomes*

Cognitive functioning MDASI-MM Severity
-

EORTC Cognitive functioning   
Fatigue MFI General fatigue

-

MFI Physical fatigue

MFI Mental fatigue -
MFI Reduced motivation -
MFI Reduced activity -

Quality of Life EORTC Summary score  -
EORTC Global health status  -
EORTC Role functioning  -
EORTC Social functioning  -

Depressive symptoms PHQ-9

Anxiety HADS Anxiety - -
Other Other patient-reported measures - -

Brain volume 
measures

Grey matter Total
- -

Hippocampus Total
-

Total (right) -
Hippocampal subfields GC-ML-DG (left)

GC-ML-DG (right) -
CA2/3 (left) -
CA4 (right) -
Subiculum (right) -
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Research area Domain Measure Total 
group 
(n=164)

Highly 
fatigued 
(n=68)

Other hippocampal (subfield) 
volumes - -

Cortical thickness Total - -
White matter 
integrity

FA Total
- -

Inferior longitudinal fasciculus (left) -
Superior longitudinal fasciculus (left) -

MD Total - -
Other Other white matter tracts - -

Brain 
perfusion

CBF Total
-  

Other regional CBF measures - -
Association between 
increased physical fitness 
and increased CBF

Total
 -

Hippocampus  -
ACC  -
PCC  -

↑ increase, ↓ decrease, - no intervention effect. Color coding: green = beneficial effect,  
red = disadvantageous effect, yellow = unclear direction of effect.

Number of patients differs between measures. The displayed number is based on the primary outcome 
measure.

* Results for the highly fatigued patient group on patient-reported outcomes and on the association 
between increased physical fitness and increased CBF are not presented elsewhere in this thesis.

Arrows: Arrows represent results with p < 0.05.

Dashed arrows: For cognitive and patient-reported measures, dashed arrows represent results with an 
ES > 0.2 and p < 0.1. For the neuroimaging results, dashed arrows represent results with p < 0.1.

Abbreviations: HVLT-R, Hopkins Verbal Learning Test-Revised; ACS, Amsterdam Cognition Scan; VO2peak, 

relative maximum oxygen uptake; MDASI-MM, MD Anderson Symptom Inventory for multiple myeloma; 

EORTC, European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire; MFI, 

Multidimensional Fatigue Inventory; PHQ-9, Patient Health Questionnaire-9; HADS, Hospital Anxiety 

and Depression Scale; GC-ML-DG, granule cell layer of dentate gyrus; CA, cornu ammonis; FA, fractional 

anisotropy; MD, mean diffusivity; CBF, cerebral blood flow; ACC; anterior cingulate cortex; PCC, posterior 

cingulate cortex.

Table 1.  Continued
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Since in the PAM study, the decrease in hippocampal volume was associated with 
improved memory functioning, this suggests that larger volume does not always 
equal better brain structure. In human studies, a counterintuitive direction of 
exercise effects has also been reported before. Ten Brinke et al. reported a relation 
between increased hippocampal volume and worse memory functioning after an 
exercise intervention in patients with mild cognitive impairment 4. Furthermore, 
Stephen et al. reported a decrease in fractional anisotropy after a multidomain 
lifestyle intervention in older adults at risk for dementia, and significant cognitive 
benefits post-intervention 9. Thus, in highly fatigued patients, the high levels of 
fatigue might be indicative of increased inflammatory processes. Therefore, the 
results of future blood biomarker analysis of the PAM study may provide additional 
insight into inflammation as a potential underlying mechanism of the effects found 
in highly fatigued patients.

Methodological considerations

In previous chapters, we mentioned specific strengths and limitations of the PAM 
study. Below, general methodological considerations of the design of the PAM study 
are discussed.

Selection (who?)
Patients treated for breast cancer were approached for participation based on 
medical history and were asked to participate in the PAM study if they experienced 
increased cognitive difficulties since cancer diagnosis or treatment, and were willing 
to participate in a moderate-to-high intensity exercise program of six months. 
Patients had to report being relatively inactive (150 minutes or less of moderate to 
vigorous physical activity per week). Furthermore, patients had to show lower-than-
expected cognitive performance compared to other females of comparable age. 
These criteria were chosen deliberately, to ascertain improvement in both physical 
activity, fitness and cognitive functioning was possible; and thus, to explore whether 
physical exercise is potentially a useful intervention targeting (impaired) cognition 
in cancer patients. However, some considerations should be mentioned for using 
these selection criteria.

The first consideration is regarding measuring cognitive functioning. Unfortunately, 
we did not have pre-cancer cognitive data available for these patients and therefore 
norm data was used to test lower-than-expected cognitive performance. When 
individual changes over time cannot be used to determine deteriorated cognitive 
functioning, small individual cognitive changes are easier to remain undetected. 
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Additionally, cognitive performance was only adjusted for age. Higher educational 
level is often related to higher cognitive performances 36. Not correcting for 
educational level during participant selection, might have resulted in the inclusion of 
some patients whose premorbid cognitive functioning was similar to their measured 
cognitive functioning during recruitment. This might have impeded our effect sizes 
since improvement in this group is small or not possible. However, note that in our 
final sample, a large proportion of patients had a high level of education (43%). 
Moreover, including educational level as a covariate in analyses showed comparable 
results (data not shown). 

Furthermore, we decided to include relatively inactive patients to enlarge the 
contrast between the exercise and control group. It also results in less variance in 
physical fitness at baseline, which might have influenced the significance of the 
analyses of baseline associations between physical fitness and brain measures 
(secondary analyses). 

A final general, but important, consideration is that our strict selection process reduced 
the applicability of the results to the cancer population with only self-reported 
cognitive complaints. However, since this is one of the first randomized controlled trials 
investigating the effects of physical exercise on cognitive functioning and the brain, we 
believe that these selection criteria were necessary to investigate the question if there 
is an effect of a physical exercise intervention on cognition and the brain.

Intervention (what?)
In the PAM study, patients were requested to participate in an exercise intervention, 
which was partly supervised, including both aerobic and resistance training, and 
which lasted for six months. We chose the program based on the literature available 
at the time of the research proposal, and because the program was considered 
feasible and effective based on earlier research 37. There were indications that aerobic 
and resistance training have differential effects on distinct neuronal processes. While 
aerobic exercise seemed to affect mostly brain-derived neurotrophic factor (BDNF), 
resistance training seemed to increase insulin-like growth factor 1 (IGF-1) levels 38. 
These growth factors are assumed to affect cellular processes, such as neurogenesis 
and gliogenesis, differently. Therefore, it was suggested that a combination of aerobic 
and resistance training will lead to the best results regarding cognitive changes 39. 
Also, a combination of aerobic and resistance training is currently recommended 
for patients with cancer 1,40. However, no detailed recommendations regarding 
frequency, intensity, type, and duration of the intervention can currently be made 
for addressing cognitive function 40. 
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A recent systematic review and meta-analysis on exercise effects on executive 
functioning in older adults showed that effect sizes were larger for other forms of 
exercise (e.g. dance, and coordination exercises) compared to aerobic, resistance, 
or combined exercise, for interventions of shorter length (1-3 months) compared 
to mid length (4-6 months) and long length (> 6 months) interventions 41. On the 
other hand, the meta-analysis of Wilckens et al. on exercise effects on hippocampal 
volume showed that longer interventions (> 6 months) were necessary to induce 
hippocampal volume changes 7. Noteworthy is that animal studies have shown 
that high intensity exercise could induce exercise-related stress, which negatively 
affected hippocampal neurogenesis 42,43. Also, a suppressed immune response has 
been found in athletes 44, which might be due to the very high intensity of their 
exercise 45. Therefore, although we considered our intervention successful since it 
improved physical fitness, if the amount of exercise or intensity of our intervention 
was too high, this might have affected immune function and thereby opposing 
its anti-inflammatory effect in some patients. However, we do not expect that 
our intervention was of too high intensity. Other studies with a similar exercise 
intervention program in cancer patients did not find elevated inflammation 
markers post-intervention 37,46. Still, this indicates that tweaking the intervention 
might leave us with a different exercise effect on cognition and the brain in breast  
cancer patients.

Timing (when?)
In the PAM study, the intervention was offered 2-4 years after diagnosis. We 
deliberately chose this moment, because patients were post-acute and short-term 
cancer treatment effects, but still experienced cognitive difficulties in daily life. It 
might well be that exercise intervention effects are larger when exercising during 
cancer treatment or shortly thereafter. As was suggested for example by Erickson 
et al. and Matura et al., exercise does not restore, but delays adverse effects on the 
brain 3,47. However, investigating the effects of exercise during treatment to prevent 
cognitive problems has several implications. Since not all patients will develop 
cognitive problems, a randomized controlled trial during cancer treatment would 
require a much higher number of participants, while recruitment will be more 
difficult. Nevertheless, exercise might have a stronger preventive effect on developing 
cognitive problems, than a restorative effect, since research suggests that physical 
activity may prevent and slow down the progression of neurodegenerative disorders 
such as Alzheimer’s disease and Parkinson’s disease 48. At this moment, randomized 
controlled trials are being conducted investigating the preventative effects of exercise 
on cognitive problems (e.g. 49,50) and we are looking forward to the results.



176 | Chapter 7

Outcomes (how?)
Improvement in tested cognitive functioning was chosen as the main outcome 
measure as opposed to self-reported cognitive functioning. Since physical exercise 
is a promising behavioral mechanism-directed intervention to improve cognitive 
decline 31, we believed that not only improvement in self-reported cognitive 
functioning was possible after an exercise intervention but improved tested 
cognitive functioning as well. We hypothesized that exercise primarily affects the 
process of neurogenesis 51. Neurogenesis can take place in the hippocampus 52,53, 
which is essential for learning and memory functioning. Therefore, our primary 
outcome measure of tested cognitive functioning was the Hopkins Verbal Learning 
Test-revised, a test to measure learning and memory functioning, which is the gold 
standard in neuro(oncological) studies and is included in the core battery of the 
International Cognition and Cancer Task Force 54. However, some considerations 
should be mentioned.

The first consideration is regarding the Hopkins Verbal Learning Test-Revised. We 
noticed that the performance of our participants was already high at baseline, leaving 
little room for improvement. Our definition of clinically relevant improvement (≥ 5 
words) required a near-perfect performance at follow-up in some cases. This cut-
off was suitable in previous studies investigating deterioration (e.g., 55), but might 
have been too ambitious when investigating improvement, especially when the 
performance at baseline is already high. However, analyzing the HVLT-R continuously, 
or reducing the number of words for a clinically relevant improvement, did not 
change our conclusion (data not shown).

The second comment is regarding the association between tested cognitive 
functioning and self-reported cognitive functioning. While we reported no 
intervention effect on tested cognitive functioning, we did observe a beneficial 
effect on self-reported cognitive functioning, fatigue, depressive symptoms, and 
quality of life. Studies have reported that self-reported cognitive functioning is only 
weakly associated with the results of tested cognitive functioning, and more strongly 
associated with fatigue, stress, and depressive symptoms 56–58. In contrast, variation 
in tested cognitive functioning was mostly explained by demographics, cancer, and 
cancer treatment 56. A known limitation of neuropsychological assessments is that 
the sensitivity and test-retest reliability might be too low to detect small changes 59. 
Nevertheless, we expect that on group level, even small changes can be found with 
neuropsychological testing. And indeed, in the PAM study, results of tested cognitive 
functioning did indicate small improvements in favor of the intervention group in 
11/14 neuropsychological tests, although not significant. This suggests that the 
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effects of exercise on cognition in all chemotherapy-treated breast cancer patients, 
with cognitive complaints and problems, are small at best.

Future directions
The PAM study is one of the first sufficiently powered randomized controlled trials 
investigating the effects of exercise on cognition and the brain in breast cancer 
patients. Therefore, our experiences have led to several indications for future research. 

In the PAM study, the primary focus of the neuroimaging measures was on the 
hippocampus, due to our neurogenesis hypothesis. For future research, we recommend 
including network analyses and collecting more data on brain function (e.g., functional 
MRI), since this was limited in the current study, and might give additional insight into 
the effects of exercise on the brain. 

Furthermore, we observed exercise effects on cognition and the brain in highly fatigued 
patients. Our findings, especially in highly fatigued patients, should first be replicated 
in other studies. Nevertheless, it is a new avenue of research. Future research should 
show whether fatigue mediates or moderates the effect on cognitive performance 
and brain structure and function. We now started to analyze inflammatory markers 
in blood samples, which were also collected in the PAM study. Hopefully, these will 
provide insight into the underlying mechanisms.

Finally, more research is necessary to determine the optimal type, length, frequency, 
intensity, supervision, and timing of the intervention to target cognitive functioning. 
For instance, a different type of exercise intervention, such as dance, might yield 
different results. Also, the ideal timing of the intervention should be investigated. 
Exercise could be the preferred intervention to prevent decline, rather than to restore 
brain structure and cognitive functioning.

Impact research field and society
On average, 44% of patients treated for breast cancer report cognitive  
complaints 60. Also in the PAM study, during the recruitment phase, it became clear 
that many patients have to deal with these late effects. We approached patients 
treated with chemotherapy for breast cancer 2-4 years post-diagnosis, and between 
30 and 75 years, with the question if they encountered cognitive difficulties and 
were willing to participate in the PAM study. From the relatively high level of 
interest (approximately a quarter of approached patients), we can conclude that 
many patients face cognitive problems and are willing to change their lifestyle to 
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potentially diminish their cognitive problems. At follow-up measurements, many 
patients expressed their gratitude for participating in the intervention group of 
the PAM study, and they stated that exercising improved their mental wellbeing. 
Results from the PAM study are in agreement with these patient reports, and 
exercise participation showed many positive effects. Most of these effects have 
been previously established in breast cancer patients, but results of the PAM study 
extended these results, by showing a beneficial impact on self-reported cognitive 
functioning. Also, in an explorative analysis of patients who initially had higher levels 
of fatigue, we observed beneficial exercise effects on tested cognitive functioning 
and changes in the brain. The direction of some of these results was opposite to 
what we had hypothesized when designing the study, and provide starting points 
for replicative and further research.

Conclusion
In conclusion, exercise has many beneficial effects, among others improvement 
of self-reported cognitive functioning, and should therefore be advised to most 
cancer patients. Unfortunately, exercise does not seem to (immediately) affect 
tested cognitive functioning for most cognitively affected breast cancer patients 
and might therefore not be the optimal intervention to target cognitive problems 
in this whole group of patients. However, in highly fatigued patients with affected 
cognitive functioning, exercise seems to improve cognitive functioning and change 
brain measures. Fatigue might be a side effect of a common underlying mechanism 
causing cognitive problems in these patients. Therefore, future research should focus 
on replicating these findings, and investigating why highly fatigued patients seem 
to have an additional beneficial effect of physical exercise.
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